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Abstract
The autoinflammatory diseases are characterized by seemingly unpro-
voked episodes of inflammation, without high-titer autoantibodies or
antigen-specific T cells. The concept was proposed ten years ago with
the identification of the genes underlying hereditary periodic fever syn-
dromes. This nosology has taken root because of the dramatic advances
in our knowledge of the genetic basis of both mendelian and complex
autoinflammatory diseases, and with the recognition that these illnesses
derive from genetic variants of the innate immune system. Herein we
propose an updated classification scheme based on the molecular in-
sights garnered over the past decade, supplanting a clinical classifica-
tion that has served well but is opaque to the genetic, immunologic, and
therapeutic interrelationships now before us. We define six categories
of autoinflammatory disease: IL-1β activation disorders (inflammaso-
mopathies), NF-κB activation syndromes, protein misfolding disorders,
complement regulatory diseases, disturbances in cytokine signaling, and
macrophage activation syndromes. A system based on molecular patho-
physiology will bring greater clarity to our discourse while catalyzing
new hypotheses both at the bench and at the bedside.
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autoinflammatory:
innate immune
activation by
endogenous pathways

TRAPS: TNF
receptor–associated
periodic syndrome

FMF: familial
Mediterranean fever

autoimmune:
adaptive immune
activation by
endogenous pathways

HIDS: hyperim-
munoglobulinemia D
with periodic fever
syndrome

crystalline
arthropathies:
diseases caused by uric
acid or calcium
pyrophosphate
dihydrate crystal
deposition

fibrosing disorder:
inflammatory disease
that leads to fibrosis

INTRODUCTION
The possibility of maladies in which the im-
mune system turns against its host has long
held a special fascination, dating back to the
time of Paul Ehrlich and “Horror Autotoxicus”
(1). Inherited illnesses, so-called “experiments
of nature,” extend our understanding of genes
and proteins we may have thought we under-
stood while opening windows to the heretofore
unimaginable. The publication of this review
marks the tenth anniversary of the concept of
systemic autoinflammatory diseases. The idea
was initially proposed with the identification of
ectodomain mutations in the p55 tumor necro-
sis factor (TNF) receptor in patients with a
dominantly inherited syndrome of fever and
widespread inflammation (the TNF receptor–
associated periodic syndrome, TRAPS) (2).
This discovery followed close on the heels of
the positional cloning of the gene for a similar
recessively inherited illness, familial Mediter-
ranean fever (FMF) (3, 4), and thereby raised
the possibility that these disorders might be
prototypes for an emerging family of inflamma-
tory diseases. Both FMF and TRAPS are char-
acterized by seemingly unprovoked, recurrent
episodes of fever, serositis, arthritis, and cuta-
neous inflammation, but the usual hallmarks of
autoimmunity, namely high-titer autoantibod-
ies and antigen-specific T cells, are usually ab-
sent. The term autoinflammatory was coined
to draw the distinction between this category of
illnesses and the more classically recognized au-
toimmune diseases, such as systemic lupus ery-
thematosus and rheumatoid arthritis, in which
the hallmarks of adaptive immunity are more
evident.

The following year witnessed the identifica-
tion of the gene underlying yet another hered-
itary fever, the hyperimmunoglobulinemia D
with periodic fever syndrome (HIDS) (5, 6),
and the positional cloning of a dominantly in-
herited gene that causes a curious syndrome of
fever, malaise, and hives-like rash upon gener-
alized cold exposure (7). Neither of these lat-
ter mendelian disorders fits under the rubric
of classical autoimmunity, thus further kin-

dling the notion that autoinflammation might
serve as the basis for a new taxonomy of hu-
man diseases that are in a sense complemen-
tary to the established autoimmune diseases.
Based more on their clinical presentation than
on a detailed understanding of their molecu-
lar basis, several other categories were added
to the autoinflammatory universe, including
metabolic disorders such as gout and other
crystalline arthropathies, complement diathe-
ses such as hereditary angioedema, granuloma-
tous diseases such as Blau syndrome (chronic
granulomatous synovitis with uveitis and cra-
nial neuropathy), storage diseases such as
Gaucher’s disease and Hermansky-Pudlak syn-
drome, fibrosing disorders such as idiopathic
pulmonary fibrosis, and vasculitic syndromes
such as Behçet’s disease (8). This formulation
not only widened the phenotypic scope as-
sociated with autoinflammation but also ex-
tended the concept into the realm of geneti-
cally complex disease. Even more recently, sev-
eral other classes of diseases have been placed
under the autoinflammatory banner, including
idiopathic febrile syndromes [systemic-onset
juvenile idiopathic arthritis (SoJIA); adult Still’s
disease; the syndrome of periodic fever with
aphthous stomatitis, pharyngitis, and cervical
adenitis (PFAPA)] (9, 10); pyogenic disorders
such as the syndrome of pyogenic arthritis, py-
oderma gangrenosum, and acne (PAPA) (11);
and the autoinflammatory bone diseases (12).
The notion that the inflammatory manifesta-
tions of these diseases are truly unprovoked is,
of course, a relative matter, since we now know
that a number of factors, including psycholog-
ical stress, trauma, immunizations, cold expo-
sure, and dietary indiscretion, may trigger some
of these illnesses, but in all cases the autoin-
flammatory appellation implicitly posits a sig-
nificant host predilection.

A truly useful disease nosology reflects not
only clinical phenotype but also underlying
biology, thereby suggesting previously unex-
pected relationships between/among illnesses,
spawning new pathogenic hypotheses, and
directing the clinician to novel therapeutic

622 Masters et al.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:6
21

-6
68

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
of

 H
ea

lth
 L

ib
ra

ry
 o

n 
06

/1
0/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-22 ARI 18 February 2009 17:12

targets. At first in parallel and relatively inde-
pendently, the biologic basis for autoinflam-
mation was established with the recognition of
innate immunity as a phylogenetically ancient,
hardwired, rapid-response system distinct from
but, in mammals, intertwined with adaptive
immunity (13). Over time, it became clear
that the myeloid effector cells and germline
molecules of innate immunity play a major role
in the pathogenesis of many of the illnesses
clinically classified as autoinflammatory, while
the lymphoid cells and somatically plastic
molecules of the adaptive immune system
play a more significant role in the classic
autoimmune diseases. A watershed in the
convergence of the clinical concept of autoin-
flammatory disease with the biology of innate
immunity came with the discovery that three
well-established autoinflammatory diseases are
all caused by activating, gain-of-function muta-
tions in NLRP3 (originally denoted CIAS1 for
cold-induced autoinflammatory syndrome 1;
also known as NALP3, PYPAF1, and CLR1.1),
encoding what was then a newly recognized
molecular linchpin in the innate immune
system (7, 14, 15).

The discovery of disease-associated muta-
tions in NLRP3 solidified the nexus between
autoinflammatory disease and innate immunity
for several reasons. First, the NLRP3 protein
product, originally called cryopyrin, now
officially denoted NLRP3, is a component
of a macromolecular complex, the inflamma-
some, that senses various microbial products
and endogenous “danger signals” (damage-
associated molecular patterns, DAMPs) to
activate caspase-1, thereby initiating IL-1β

and IL-18 processing, a key step in the innate
immune response (16). Second, the NLRP3
inflammasome may directly or indirectly in-
teract with proteins mutated in other putative
autoinflammatory diseases, including pyrin (in
FMF) (17) and PSTPIP1 (in PAPA syndrome)
(11). Third, the inflammasome has now been
implicated in the pathogenesis of a number
of diseases, such as gout (18) and pulmonary
fibrosis (19–21), included in the expanded
definition of autoinflammation, thus providing

DAMP: danger-
associated molecular
patterns

NLR: nucleotide-
binding domain and
leucine-rich repeat
containing

molecular vindication for the clinical classifica-
tion. Finally, NLRP3 is a prototype for a family
of proteins, now known as the NLR family
(22–24), that is intimately involved in the innate
immune system, and recent evidence implicates
other members of this protein family in human
disease.

With the recognition that these inflamma-
tory diseases without hallmarks of adaptive
immunity are in fact disorders of the innate
immune system, it is possible to propose a
new schema based upon underlying molecu-
lar mechanisms (Table 1). It should be stated
at the outset that, as noted by McGonagle &
McDermott (25), the spectrum of self-reactive
immunological disease represents a continuum
between autoimmune disorders based primar-
ily on lesions of the adaptive immune system
and autoinflammatory conditions rooted pri-
marily in the innate immune system. Partic-
ularly for genetically complex disorders, mul-
tiple lesions of both branches of the immune
system, with potentially self-amplifying loops,
are quite possible. In keeping with the fore-
going discussion, the first types of autoinflam-
matory disease enumerated in the Table are
IL-1β inflammasomopathies, defined as disor-
ders of macromolecular IL-1β-activating com-
plexes, the prototypes of which are nucleated
by NLRP3, but which may also include com-
plexes of a number of related proteins. Intrin-
sic inflammasomopathies represent molecular
lesions in the constituent proteins of the com-
plex, while extrinsic inflammasomopathies de-
note disorders of various upstream or down-
stream regulatory elements.

Although the IL-1β inflammasome repre-
sents a major conceptual advance in our under-
standing of innate immunity and related human
disease, it is by no means the only molecular
engine of innate immunity. In the Table, the
proposed Type 2 autoinflammatory diseases,
such as Crohn’s disease (CD) and Blau syn-
drome (BS), are caused in part by sequence vari-
ants in NOD2/CARD15 (26–28). While IL-1β

undeniably plays a role in both illnesses, the
NOD2/CARD15 protein plays a central role
in NF-κB activation in response to intracellular
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Table 1 Provisional molecular/functional classification of autoinflammatory disease

Disease Gene (chromosome) Protein (synonyms) or pathogenic stimulus

Type 1: IL-1β activation disorders (inflammasomopathies)
Intrinsic
FCASa, MWSb, NOMIDc/CINCAd NLRP3/CIAS1 (1q44) NLRP3e (cryopyrin, NALP3, PYPAF1)
Extrinsic
FMFf MEFV (16p13.3) Pyrin (marenostrin)
PAPAg PSTPIP1 (15q24–25.1) PSTPIP1h (CD2BP1i)
CRMOj/SAPHOk Complex
Majeed syndrome LPIN2 (18p11.31) Lipin-2
HIDSl MVK (12q24) Mevalonate kinase
Recurrent hydatidiform mole NLRP7 (19q13) NLRP7 (NALP7, PYPAF3, NOD12)
DIRAm IL1RN IL-1Ra
Complex/acquired
Gout, pseudogout Complex Uric acid/CPPD
Fibrosing disorders Complex Asbestos/silica
Type 2 diabetes mellitus Complex Hyperglycemia
Schnitzler syndrome Sporadic
Type 2: NF-κB activation disorders
Crohn’s disease Complex Muramyl dipeptide

NOD2 (16p12) NOD2n (CARD15)
ATG16L1 (2q37.1) ATG16L1◦

IRGM (5q33.1) IRGMp

Blau syndrome NOD2 (16p12) NOD2 (CARD15)
FCAS2 (Guadaloupe periodic fever) NLRP12 (19q13.4) NLRP12 (NALP12)
Type 3: Protein folding disorders of the innate immune system
TRAPSq TNFRSF1A (12p13) TNFRSF1Ar (TNFR1, p55, CD120a)
Spondyloarthropathies Complex

HLA-B (6p21.3) HLA-B27s

ERAP1 (5q15) ERAP1t (ARTS1)
Type 4: Complement disorders
aHUSu CFH (1q32) Complement factor H

MCP (1q32) MCPv (CD46)
CFI (4q25) Complement factor I
CFB (6p21.3) Complement factor B
Complex Autoantibodies

AMDw Complex
CFH (1q32) Complement factor H

Type 5: Cytokine signaling disorders
Cherubism SH3BP2 (4p16.3) SH3-binding protein 2
Type 6: Macrophage activation
Familial HLHx UNC13D (17q21.1) Munc13-4

PRF1 (10q22) Perforin 1
STX11 (6q24.2) Syntaxin 11
Complex Virus

Chediak-Higashi syndrome LYST (1q42.3) LYSTy (CHS1)
(Continued )

624 Masters et al.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:6
21

-6
68

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
of

 H
ea

lth
 L

ib
ra

ry
 o

n 
06

/1
0/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-22 ARI 18 February 2009 17:12

Table 1 (Continued )

Disease Gene (chromosome) Protein (synonyms) or pathogenic stimulus

Griscelli syndrome RAB27A (15q21.3) RAB27A
X-linked lymphoproliferative syndrome SH2D1A (Xq25) SAPz

Hermansky-Pudlak syndrome HPS1-8 HPS1-8aa

Secondary HLH Complex
Atherosclerosis Complex Cholesterol

aFamilial cold autoinflammatory syndrome; bMuckle-Wells syndrome; cneonatal-onset multisystem inflammatory disease; dchronic neurologic cutaneous
and articular syndrome; enucleotide-binding domain, leucine-rich repeat, and pyrin domain containing protein 3; ffamilial Mediterranean fever; gpyogenic
arthritis, pyoderma gangrenosum, and acne; hproline serine threonine phosphatase-interacting protein; iCD2-binding protein 1; jchronic recurrent
multifocal osteomyelitis; ksynovitis acne pustulosis hyperostosis osteitis; lhyperimmunoglobinemia D with periodic fever syndrome; mdeficiency of the
interleukin-1 receptor antagonist; nnucleotide-binding oligomerization domain-containing; ◦autophagy-related 16-like 1; pimmunity-related GTPase
family M; qTNF receptor–associated periodic syndrome; rTNF receptor superfamily 1A; shuman leukocyte antigen B27; tendoplasmic reticulum
aminopeptidase 1; uatypical hemolytic uremic syndrome; vmembrane cofactor protein; wage-related macular degeneration; xhemophagocytic
lymphohistiocytosis; ylysosomal trafficking regulator; zSLAM-associated protein; aaHermansky-Pudlak syndrome 1–8.

microbial products. Emphasizing the interplay
between innate and adaptive immunity, granu-
lomas feature prominently in both disorders. In
a third member of the proposed NF-κB acti-
vation disorders, Guadaloupe variant periodic
fever syndrome, mutations occur in NLRP12,
encoding a regulator of NF-κB activation (29).

A third group of autoinflammatory diseases
is due to the biologic consequences of pro-
tein misfolding in cells of the innate immune
system. The mendelian prototype of this pro-
cess is TRAPS, in which missense substitutions
in the p55 TNF receptor lead to misfolding
(30) and ligand-independent activation of ki-
nases and aberrant cytokine production. Simi-
larly, in the spondyloarthropathies, misfolding
of HLA-B27 appears to trigger the unfolded
protein response (UPR) in macrophages and
consequently inappropriate cytokine secretion
(31–33).

Disorders of the complement system, long
recognized as a key component of innate im-
munity, can lead to a host of immunologic dis-
orders. In some cases, such as the deficiency of
the fourth component of complement, abnor-
mal clearance of immune complexes leads to a
classical autoimmune lupus-like picture. Here
we focus on those instances in which the defi-
ciency of complement regulatory factors pro-
duces an autoinflammatory phenotype, such as
age-related macular degeneration and atypical

UPR: unfolded
protein response

hemolytic uremic syndrome (Type 4 disease in
the Table).

Cherubism, a relatively newly recognized
autoinflammatory disorder of the bone, is
caused by mutations in an SH3-binding protein
(34), which in animal models leads to height-
ened responsiveness to the cytokines M-CSF
and RANKL, and increased osteoclastogene-
sis (35). Given the importance of cytokine sig-
naling in the innate immune response, addi-
tional examples of aberrant cytokine responses
will likely be identified in other autoinflamma-
tory diseases, and hence the proposal of Type 5
disorders.

Finally, macrophage activation is a common
theme among a host of inflammatory dis-
eases, and the genetics of familial hemophago-
cytic lymphohistiocytosis implicates loss-of-
function lesions in the adaptive immune system
as one cause of this (36, 37). Other mecha-
nisms leading to activation of effector cells in
the innate immune system and elaboration of
a proinflammatory cytokine milieu also charac-
terize Type 6 autoinflammatory disease, which
possibly includes the leading cause of death in
the Western world, atherosclerosis (38).

There remain a number of human illnesses
that are clearly autoinflammatory but do not fall
neatly into any of the proposed categories. For
some disorders, such as PFAPA, the molecular
details are still too few to permit classification,

www.annualreviews.org • Horror Autoinflammaticus 625
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CAPS: cryopyrin-
associated periodic
syndrome

cryopyrinopathy: a
spectrum of diseases
caused by mutations in
NLRP3 (cryopyrin)

whereas for other syndromes, such as SoJIA,
multiple molecular mechanisms are emerging.
In yet other instances, such as Behçet’s dis-
ease, lack of detail and heterogeneity appear
paradoxically to go hand in hand. Undoubt-
edly, the six types of autoinflammatory disease
enumerated in Table 1 represent only a begin-
ning but should serve not only to organize our
thinking about existing data, but also to stim-
ulate hypotheses about less well-understood
phenotypes.

IL-1β ACTIVATION DISORDERS
(INFLAMMASOMOPATHIES)

Intrinsic Inflammasomopathies

Cryopyrin-associated periodic syndromes.
As disorders of an essential inflammasome
protein, the cryopyrin-associated periodic
syndromes (CAPS, also known as cryopy-
rinopathies) encompass a spectrum of disease
states. In order of severity, from mild to severe,
these include familial cold autoinflammatory
syndrome (FCAS), which presents with cold-
induced fevers, urticaria-like rash, and con-
stitutional symptoms; Muckle-Wells syndrome
(MWS), with fevers, hives, sensorineural hear-
ing loss, and arthritis unrelated to cold expo-
sure; and neonatal-onset multisystem inflam-
matory disease (NOMID) [or chronic infantile
neurologic cutaneous articular (CINCA) syn-
drome], which presents with fever, urticaria,
epiphyseal overgrowth of the long bones, and
chronic aseptic meningitis.

The cryopyrinopathies are due to autoso-
mal dominant or de novo mutations of NLRP3
(7, 14, 15). The protein product of this gene
(Figure 1) was first denoted cryopyrin, al-
though the current convention is NLRP3 (24).
To avoid confusion, we have retained the
cryopyrinopathy/CAPS disease nomenclature
in this review, although we use the new termi-
nology to denote the gene and protein. The
original protein name was derived from the
aforementioned association of symptoms with
cold exposure in some patients (cryo), and its in-
variant ∼90 amino acid N-terminal death-fold

motif, the pyrin domain (PYD) (39–41), that
mediates cognate interactions with other pro-
teins, and that it shares with the FMF protein,
pyrin. Through this domain both NLRP3 and
pyrin interact with an adaptor protein denoted
ASC (apoptosis-associated speck-like protein
with a caspase-recruitment domain). NLRP3
belongs to the family of NLR (nucleotide-
binding domain and leucine-rich repeat con-
taining) proteins (24) implicated in inflamma-
tion and apoptosis, providing an additional clue
as to its function. C-terminal leucine-rich re-
peats (LRRs) had already been implicated in
sensing bacterial components, suggesting a role
in the innate immune response. The case was
strengthened with the discovery that, through
pyrin domain–ASC interaction, the related pro-
tein NLRP1 nucleates the first recognized
IL-1β activating inflammasome (42), and the
subsequent finding that NLRP3 itself partic-
ipates in a somewhat different inflammasome
that also exhibits pro-IL-1β processing activ-
ity (16). Although the inflammasome is also
required for processing of IL-18, IL-33, and
several other nontraditionally secreted proteins
(43), most research has focused on how NLRP3
mutations affect IL-1β production, and cer-
tainly IL-1β is upregulated in this disease (15).

Another domain of the NLRP3 protein is
the ATP-binding cassette (nucleotide binding
domain, NBD, or NACHT domain; Figure 1),
which has now been confirmed as such both
in a cell-free system (44) and in a number of
other in vitro settings (45), and is the major lo-
cus of CAPS-associated mutations. This leads
to the intriguing possibility that these sequence
variants may confer activation of the protein
without the usual ATP costimulus, and cer-
tainly many of the mutations are structurally
proximate to a hypothetical ATP-binding site
(46). Indeed, Gattorno et al. in a recent publi-
cation, showed that mutation-positive NOMID
and MWS patient peripheral blood mononu-
clear cells (PBMCs) secrete higher levels of
IL-1β in response to LPS alone than healthy
controls, but that with the addition of ATP, se-
creted IL-1β levels are comparable (47). This
suggests that the mutations in NLRP3 have

626 Masters et al.
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bypassed a requirement for ATP in IL-1β pro-
duction. However, inactivating mutations at the
ATP-binding site ablate the constitutive IL-1β

production associated with MWS mutations in
an overexpression system (45). This emphasizes
the importance of ATP binding to NLRP3 acti-
vation and indicates that the ATP independence
of MWS mutations may not be related to the
requirement of ATP binding to the NACHT
domain. Instead, NLRP3 mutations may func-
tion independently of exogenous ATP due to
heightened downstream sensitivity to the effect
of ATP on the P2X7 receptor at the cell sur-
face, which is a well-documented stimulus for
the processing and secretion of IL-1β (48, 49).
It would be interesting to test these hypothe-
ses in a cell-free system and to know the ex-
act mechanism behind the gain of function of
NLRP3 mutations.

In 2006, four laboratories published data
describing the role of NLRP3 in vivo from
analysis of knockout mice. These findings are
presented in greater depth in another review
appearing in this issue of the Annual Review
of Immunology (50). The results that are most
relevant to the current discussion include the
requirement of NLRP3 for macrophage IL-
1β production in response to Toll-like receptor
(TLR) agonists plus ATP (51, 52), to Gram-
positive bacteria such as Staphylococcus aureus
or Listeria monocytogenes (51), to bacterial RNA
(53), to dsRNA and viral RNA (54), and to uric
acid crystals (18). While NLRP3 is required to
produce IL-1β in response to these many and
varied insults, the disease-causing mutations in
this protein do not seem to render CAPS pa-
tients clinically overresponsive when faced with
these challenges in natura, although some pa-
tients anecdotally report increased resistance to
common viral infections. Sutterwala and col-
leagues also observed that, like IL-1β, NLRP3
was required to generate contact hypersensitiv-
ity to the hapten trinitrophenylchloride (TNP-
CL) (52). This observation agrees with a recent
body of work highlighting the critical role of the
innate immune system in contact hypersensitiv-
ity, which is predominantly a T cell–mediated
disease (55). Again, we have not observed that

CAPS patients manifest an increased delayed-
type hypersensitivity reaction.

One further aspect of the function of
NLRP3 was indicated by the reduced level
of macrophage cell death observed for cells of
knockout mice in response to Gram-positive
bacteria (Staphylococcus) (51). Willingham et al.
showed that this was also true for infection with
Shigella flexneri, and independent of the inflam-
masome component ASC and of IL-1β (56).
Monocyte/macrophage cell death has also been
examined in overexpression systems (57), and
with cells from patients directly (56, 58); in both
cases, LPS-induced necrosis appears to be asso-
ciated with the mutations in NLRP3 that cause
CAPS. This comports with previous work that
reported on a CAPS patient with low-level so-
matic mosaicism who did not inherit a mutated
NLRP3 allele from either parent (59). Because
the mutated cells are only a fraction of the to-
tal, being able to identify and sort them could
facilitate better detection of this cause of dis-
ease. Indeed, by looking at just those cells un-
dergoing necrotic cell death, Saito et al. found
somatic mosaicism in three of four previously
mutation-negative patients (58). However, this
approach would seem to rely heavily on the
genetic fidelity of a dead or dying population
of cells, which has not been established. In-
deed, the very nature of a mutation undergo-
ing selection in a small population of cells that
proceed to rapid cell death seems somewhat
contradictory, without some driving force for
their continued production.

Further lines of investigation that are sure to
attract interest include the elucidation of possi-
ble genotype-phenotype correlations in the cry-
opyrinopathies and investigation of the struc-
tural basis for disease-causing mutations. While
such studies would provide important mecha-
nistic insight, it is very fortunate that therapy for
these diseases based on current understanding
is remarkably effective. For example, the IL-1
receptor antagonist, anakinra, has a very sig-
nificant impact in even the most severe cryopy-
rinopathy, NOMID/CINCA, with dramatic ef-
fects on not only the rash and acute-phase
proteins, but also on the aseptic meningitis
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and cochlear inflammation, which often lead
to severe disability (60). Improved therapy
for CAPS patients now focuses on new bio-
logics with more favorable treatment sched-
ules, such as rilonacept (administered once per
week) and canakinumab (administered once ev-

ery eight weeks). Unlike anakinra, which blocks
IL-1β signaling at the receptor, rilonacept and
canakinumab target IL-1β directly, and in the
studies completed to date, these agents show
great promise (61–63). It is interesting that pa-
tients with all of the clinical features of CAPS
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Figure 1
Schematic representation of mutations in five proteins that cause autoinflammatory diseases. (a) For pyrin, mutations that are most
frequently found to cause FMF are presented in red, while those in black are less common disease-causing variants. Residues in purple
are found at approximately 1% allele frequency in the general population and may therefore represent functional polymorphisms.
(b) Cryopyrin mutations cause a spectrum of disease states that range in severity from severe (NOMID/CINCA, red ), to intermediate
(MWS, blue), to mild (FCAS, purple). In some instances, it is difficult to distinguish between NOMID/CINCA and MWS. Residues for
which disease presentation overlaps are depicted in black. (c) NOD2/CARD15 mutations can cause Blau syndrome/early-onset
sarcoidosis (blue), which cluster within the NACHT/NBD and NAD domains. Other variants that are spread throughout this protein
are associated with Crohn’s disease (red ). (d ) Mevalonate kinase mutations can cause the severe metabolic disease mevalonic aciduria
(red ), or the less severe autoinflammatory disease HIDS (blue). HIDS mutations are recessively inherited and often include one mild
mutation coupled with a severe mutation; thus, the severe mutations can be found in both HIDS and mevalonic aciduria (black). (e)
Dominantly inherited missense mutations in TNFR1 that cause TRAPS are now known to affect almost every cysteine residue within
the first two cysteine-rich domains of the extracellular region of the protein (red ). These mutations appear to affect the protein folding,
whereas at least two mutations, I170N and V173D, can affect ectodomain cleavage that generates the soluble form of the receptor.
P46L and R92Q ( purple) are probably functional polymorphisms also present in unaffected individuals. The numbering system for
TNFR1 used here begins at residue 30, which is at the N terminus after removal of the 29-residue signal peptide, as per common
convention. Abbreviations used: PYD, pyrin domain; NBD, nucleotide-binding domain; NAD, NACHT-associated domain; LRR,
leucine-rich repeats; CRD, cysteine-rich domain; TM, trans-membrane domain.
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but no demonstrable NLRP3 mutations also re-
spond to therapy targeting IL-1β. This sug-
gests an excellent opportunity for discovering
additional disease-causing genes on the IL-1β

axis.

Extrinsic Inflammasomopathies

Familial Mediterranean fever (FMF). FMF
is characterized by 1- to 3-day episodes of
fever with sterile peritonitis, pleural inflamma-
tion, arthritis, and/or rash, sometimes compli-
cated by systemic amyloidosis. While FMF is
the prototypic autoinflammatory disease, the
effect of the underlying disease-causing mu-
tations on IL-1β production may be primar-
ily extrinsic to the inflammasome (Figure 2).
Linkage analysis (64) and positional cloning
based on an autosomal recessive model of in-
heritance allowed two independent consortia to
identify mutations in a single gene that cause
this disease (3, 4). The gene, denoted MEFV
for MEditerranean FeVer, encodes a protein
product (Figure 1) alternatively termed pyrin
(after the Greek for fever) or marenostrin (af-
ter the Latin for the Mediterranean Sea). The
mutations causing FMF are present at a very
high frequency in several populations, and for
this reason the disease is more prevalent in the
Mediterranean basin and Middle East (65).

In the years following the discovery of mu-
tations in MEFV, much has changed in our
understanding of this disease. Perhaps most
strikingly, as the sequencing of this gene has
become widespread in patients and families out-
side those studied in the initial linkage analysis,
we have discovered many patients with compat-
ible symptoms, sometimes even classic manifes-
tations, but only a single MEFV mutation. It is
also true that many of the obligate carriers for
single MEFV mutations may actually have sub-
clinical evidence of inflammation (66), or even
be periodically symptomatic for FMF (67) but
not to the extent that would prompt medical
evaluation or genetic diagnosis. Although most
FMF patients inherit two pyrin mutations re-
cessively, it appears that in some instances a
more broadly defined FMF is inherited in a

dominant fashion, and in fact there are select
mutations for which this does seem to be the
case (68). However, for the remaining people
with only one pyrin mutation, what determines
if disease will present or not? An attractive hy-
pothesis is that there is digenic or even multi-
genic inheritance of FMF. In such a scenario,
a single pyrin mutation may require permis-
sive alleles at one or more additional loci before
FMF is manifest.

Mutations are found throughout the MEFV
gene (http://fmf.igh.cnrs.fr/infevers), but the
most severe are clustered in exon 10 (69,
70), which encodes a motif known as the
B30.2/SPRY domain (PRYSPRY), at the C ter-
minus of the protein (Figure 1). Pyrin is the
exemplar for the N-terminal domain that bears
its name, and also contains B-box, bZIP basic,
and coiled-coil domains. Pyrin is also known
as TRIM20, as it is a part of a larger fam-
ily termed the TRIpartite Motif (TRIM) pro-
teins that typically have a RING domain (not
present in pyrin), B-box, and coiled-coil do-
main, and frequently also the B30.2/SPRY do-
main (71). Initial speculation concerning the
function of pyrin hypothesized that it was a
transcription factor (3). Although DNA bind-
ing activity has not been ascribed to pyrin,
the protein does contain two nuclear localiza-
tion motifs (3, 72), and the endogenous protein
does localize to the nucleus in granulocytes
and dendritic cells (73). We have also observed
the translocation of a specific N-terminal frag-
ment of pyrin to the nucleus after cleavage
by caspase-1 (74). N-terminal pyrin appears
to activate NF-κB through increased calpain-
mediated degradation of IκB-α, and was also
observed in patient leukocytes. Pyrin can also be
demonstrated in the cytoplasm of monocytes,
and much more has now been published regard-
ing the role of the protein in this locale. One
interesting finding was that pyrin interacts with
tubulin and colocalizes with microtubules (75),
suggesting a rationale for current highly effica-
cious treatment of the disease using colchicine,
a microtubule-destabilizing agent (76).

More recently, pyrin was found to interact
with ASC, the apoptosis-associated speck-like
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Figure 2
Mechanisms of autoinflammatory disease regulated by IL-1β (inflammasomopathies) and NF-κB. The NLRP3 protein interacts with
ASC and caspase-1 to form a complex termed the inflammasome, which is a macromolecular complex that processes IL-1β into its
active form. Mutations (denoted by asterisks) in proteins that affect the function of this complex such as pyrin, PSTPIP1, mevalonate
kinase (MK), and NLRP7 thus represent extrinsic inflammasomopathies. Mutations in NLRP3 clearly activate the molecule; however,
the precise mechanism by which pyrin and PSTPIP1 mutations regulate inflammasome activity has not been determined. As NLRP7 is
a negative regulator of IL-1β production, these mutations are likely to inactivate the protein, and it has been shown that MK mutations
are also loss of function, although the pathway that leads from these mutations to Rac1/PI3K/PKB activation is not yet formally
described. Preliminary data from our laboratory suggest that mutations in the IL-1 receptor antagonist (IL-1Ra) cause another extrinsic
inflammasomopathy. For NF-κB activation disorders, NOD2 could become activated by mutations that may relieve autorepression of
the molecule; however, there are also persuasive data showing that mutations inactivate the protein from tolerizing the host to the
bacterial cell wall component muramyl dipeptide (MDP). NLRP12 is a negative regulator of NF-κB, and thus a proinflammatory
disease would be caused by what appear to be loss-of-function mutations. Abbreviations used: CPPD, calcium pyrophosphate
dihydrate; Aβ, amyloid-β; ROS, reactive oxygen species; PKB, protein kinase B.
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protein with a caspase-recruitment domain
(CARD), through cognate pyrin domain as-
sociation. When this interaction was first de-
scribed, it was the apoptotic effect of ASC
that was addressed, and indeed wild-type pyrin,
when overexpressed in HeLa cells, appeared to
increase ASC speck formation and, paradoxi-
cally, increase the survival of these cells (77).
Macrophages from mice harboring a truncated
form of pyrin have subsequently been shown
to manifest a defect in apoptosis (17). In addi-
tion to its role in apoptosis, ASC also nucle-
ates inflammasome complexes through the ho-
motypic interactions of its pyrin domain and
CARD with NLRP proteins and inflammatory
caspases, respectively (78), thus activating IL-
1β (Figure 2). The direct interaction of pyrin
with ASC suggests potential molecular mecha-
nisms for the inflammatory hallmarks of FMF,
either if pyrin inhibits IL-1β activation by com-
peting with caspase-1 for ASC (17) or if pyrin
itself forms an inflammasome complex (79).

Depending on experimental conditions,
there are data to support both of these for-
mulations and the corresponding antiinflam-
matory and proinflammatory effects for wild-
type pyrin. The initial observation to support
an antiinflammatory role for pyrin concerned
mice deficient for MEFV that exhibit increased
cytokine production and subsequent lethality
induced by LPS (17). Because murine MEFV
lacks a significant portion of exon 10, includ-
ing the region where FMF mutations reside,
many experiments using human constructs have
subsequently been performed. We have shown
that the B30.2 domain of pyrin interacts with
caspase-1 and that this inhibits the production
of mature IL-1β (80). Papin et al. have verified
this interaction and the consequent inhibition
of IL-1β processing (81), but the effect of FMF-
associated mutations in the B30.2 domain re-
mains controversial. On the other hand, Yu et al.
reported that overexpression of pyrin in 293T
cells that stably express ASC and procaspase-1
appears to activate an inflammasome complex,
although overexpressed mutant forms of pyrin
did not result in higher levels of caspase-1 acti-
vation (79). A different approach to address this

issue is to study the effect of a reduction in the
level of pyrin. Using siRNA to decrease the level
of pyrin in THP-1 cells resulted in increased
IL-1β production in vitro (80, 81). Never-
theless, under different experimental condi-
tions ectopic silencing of pyrin resulted in de-
creased IL-1β production (82), suggesting that
the function of pyrin may be context dependent,
with dual roles that are physiologically relevant.

Additional studies of peripheral blood
leukocytes from FMF patients and healthy con-
trols have been performed to identify a pre-
dominant role for pyrin in vivo, but again the
results are contradictory. In favor of a proin-
flammatory effect for wild-type pyrin, the abil-
ity of macrophages from healthy donors to pro-
cess IL-1β compared to the monocytes from
which they are derived is significantly reduced,
corresponding to the reduced amount of pyrin
that these cells express (82). In contrast, the
same laboratory showed an association of re-
duced mRNA levels of pyrin, IL-10, and IL-
1 receptor–associated kinase (IRAK)-M with
survival in pediatric multiple organ dysfunc-
tion syndrome, consistent with an antiinflam-
matory role for pyrin in cytokine production
(83). In FMF patients, Ustek et al. observed re-
duced levels of MEFV message at baseline, with
further reductions during disease flares (84),
whereas our preliminary analysis of pyrin pro-
tein expression in peripheral blood neutrophils
shows an increase in FMF patients. Further
complicating the picture, it is not clear whether
changes in mRNA or protein expression reflect
the underlying pathophysiology of FMF or a
compensatory mechanism.

Given the autoinflammatory phenotype in
FMF, one might associate an antiinflamma-
tory effect of the wild-type protein and loss-
of-function mutations with recessively inher-
ited disease, or a proinflammatory role of the
wild-type protein and gain-of-function muta-
tions with dominantly inherited disease. At
present, neither the effect of the pyrin protein
in experimental models, nor the effect of muta-
tions on gene expression, nor the mode of in-
heritance of the disease is entirely unambigu-
ous. It has therefore been difficult to construct
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a detailed molecular account of FMF patho-
genesis, and we have provisionally opted to de-
note FMF as an extrinsic inflammasomopathy,
recognizing that further refinements may be
necessary.

These points notwithstanding, pyrin does
play an important role in the regulation
of IL-1β in experimental systems, suggest-
ing that parenteral administration of the re-
combinant IL-1 receptor antagonist, anakinra,
would ameliorate the inflammatory attacks of
FMF. Indeed, there are now several anecdotal
reports vindicating this concept (80, 85–89), al-
though anakinra appears not to have as uni-
formly dramatic an effect as that seen in the
cryopyrinopathies. The microtubule-inhibitor
colchicine, which is given orally and is markedly
less expensive than anakinra, remains the drug
of choice in FMF. IL-1β inhibitors may play an
adjunctive role in the treatment of the 5–10%
of FMF patients for whom colchicine is inef-
fective or not tolerated. The proposed mecha-
nisms by which colchicine prevents the attacks
of FMF relate both to the mutant protein, pyrin
(which binds to microtubules), and to the gran-
ulocytes that are a major locus of pyrin expres-
sion. A more complete understanding of how
colchicine works in FMF and why it sometimes
does not work would likely shed additional light
on the function of pyrin, reinforcing the possi-
bility of as yet undiscovered additional func-
tions for this protein.

Perhaps the most engaging concept perti-
nent to any discussion of FMF is the evolution
of disease-causing mutations. Several aspects
in particular are noteworthy. First, carriers of
FMF mutations are far more frequent in cer-
tain populations than would be expected. Under
the simplifying assumption of autosomal reces-
sive inheritance, even if homozygotes for dis-
ease mutations all die before reproductive age,
their frequency varies with the square of the
mutant allele frequency, which is much less than
the frequency of heterozygous carriers, and thus
natural selection would have increased the fre-
quency of mutations only if they conferred a
heterozygote advantage. Second, different mu-
tations predominate in different populations

inflammasomopathy:
diseases that result
from increased levels
of secreted IL-1β,
either directly or
indirectly

(Figure 3a). This reinforces the possibility of a
selective advantage, as genetic drift would be
unlikely to account for the increased carrier
rate of several different FMF mutations in these
various populations. Third, the most common
and potentially most severe mutations cluster
in one domain of the protein, the B30.2/SPRY
domain. This domain is not conserved among
lower species (90), which highlights the rela-
tively recent evolution of pyrin. This is also
true for the majority of the TRIM protein fam-
ily that has rapidly expanded in higher organ-
isms. More than 20 TRIM family proteins ex-
hibit the ability to affect the retroviral life cycle
(to date, pyrin has not been found to have such
an effect) and some of these TRIM proteins
confer innate immune resistance to retroviruses
(91). Finally, in nonhuman primates the wild-
type pyrin protein includes several residues that
are associated with disease in humans (92). For
humans, FMF mutations often represent a re-
version to ancestral amino acids, and model-
ing suggests episodic positive selection for the
current human wild-type sequence. This argues
that nonhuman primates may live with endemic
pathogens against which pyrin mutations con-
fer resistance, and that FMF mutations may also
confer resistance against a similar, perhaps ge-
ographically restricted, pathogen for humans.

Recent NMR and crystallographic data sug-
gest a possible structural basis for the evolution-
ary data. The first structure for the B30.2/SPRY
domain was an NMR model derived from a
murine protein SSB-2 (93). Even in this first
model, it was apparent that FMF mutations pre-
dominantly affected one face of the molecule,
and mutational analysis of the SSB-2 protein
showed that a protein-binding site was present
at this region. Further information has come
from crystal structures of other B30.2/SPRY
domains in complex with their binding part-
ners (94, 95). This more definitively described
the protein interaction surface of the domain,
and models of the pyrin B30.2/SPRY domain
show where FMF-associated residues map close
to the binding pocket (Figure 3b). Although
several FMF mutations do not map near this re-
gion, the initial observation that the least severe
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Figure 3
The evolution and structural ramifications of ancestral mutations in pyrin. (a) This figure highlights both that pyrin mutations are very
common in several Mediterranean populations and that it is not the same mutation that is expanded in each population. Blue and red
lines indicate the migration of populations carrying the M649V and V726A mutations, respectively, while the E148Q mutation ( purple)
is common to countries along the medieval trade route (the Silk Road) that extended from the Middle East through to Japan. Pie
diagrams indicate the carrier frequencies of selected mutations in Ashkenazi Jewish, Sephardi Jewish, and Japanese populations.
(b) A model for the structure of the B30.2/SPRY domain of pyrin (based on that of TRIM21) indicates the preponderance of FMF
mutations (cyan) affecting one side of the molecule that is thought to present a protein-binding pocket. A phenotype-genotype
correlation is proposed that links the more severe disease-causing mutations (M694V blue, M680I green) to the putative binding site,
whereas a less severe mutation (V726A red ) is located further away from this region.

FMF mutations map further from the bind-
ing interface gives a structural understanding
to the potential genotype-phenotype correla-
tion in FMF (93). Together, these evolution-
ary and structural data point to the possibility
that pyrin is capable of directly binding to a
pathogen, or to another moiety that acts as a
surrogate marker of infection. Identification of

such a mechanism would represent a major ad-
vance in our understanding of the innate im-
mune host defense as it relates to the mecha-
nisms of autoinflammatory disease.

Pyogenic arthritis with pyoderma gan-
grenosum and acne (PAPA) syndrome.
PAPA syndrome is a dramatic hereditary
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autoinflammatory disorder of the skin and
joints for which there is clear evidence of an
important, although not necessarily exclusive,
pathogenic role for IL-1β. PAPA syndrome was
initially described by two different groups, sev-
eral years apart (96, 97). Both groups observed
families with recurrent arthritis, sterile but pu-
rulent synovial fluid, and cutaneous manifes-
tations such as pyoderma gangrenosum (large,
open purulent lesions) and severe cystic acne.
The genetic basis for this dominantly inher-
ited condition was found to be mutations of
CD2-binding protein 1 (CD2BP1) (98). This
protein is now usually denoted by the name of
its murine ortholog, proline serine threonine
phosphatase-interacting protein 1 (PSTPIP1),
which interacts with a PEST [rich in proline
(P), glutamic acid (E), serine (S), and threonine
(T)] type protein tyrosine phosphatase (PTP-
PEST). Initially, it was shown that the muta-
tions that cause PAPA syndrome diminish the
interaction of PSTPIP1 with PTP-PEST, but
the relevance of this finding for the promotion
of an autoinflammatory disease was unclear.

Subsequent data from our laboratory estab-
lished that PSTPIP1 interacts with the pro-
totypic autoinflammatory protein, pyrin (11),
thus suggesting potential molecular mecha-
nisms for the proinflammatory aspects of PAPA
syndrome (Figure 2). Furthermore, the PAPA
mutations of PSTPIP1 lead to a stronger in-
teraction with pyrin (FMF mutations in pyrin,
however, do not have a similar effect). The in-
creased interaction with pyrin is most likely be-
cause the PSTPIP1 variants bind PTP-PEST
less avidly and are therefore hyperphospho-
rylated, and because the avidity of PSTPIP1
for pyrin varies with PSTPIP1 phosphoryla-
tion status. Both in vitro and ex vivo, PAPA-
associated variants were associated with in-
creased IL-1β production. If one takes the view
that pyrin inhibits inflammation, PSTPIP1 mu-
tations could be seen to function by increased
sequestration and impairment of pyrin func-
tion (11). On the other hand, Yu and colleagues
(99) have shown that the domain of pyrin to
which PSTPIP1 binds (the B-box) is an autoin-
hibitory domain that constrains ASC binding

Pyroptosome:
macromolecular
complex of ASC and
pyrin molecules, of
which there is only
one per cell

and thereby prevents the formation of the py-
roptosome, a large molecular assembly of ASC
and pyrin molecules of which there is only one
per cell (100). Pyroptosome formation rapidly
proceeds to cell death and the release of proin-
flammatory cytokines such as IL-1β. By this
formulation, the stronger interaction of the
PAPA mutants with the B-box of pyrin would
relieve the autoinhibitory constraint and pro-
mote inflammation via pyrin engagement in py-
roptosomes. While the mechanisms proposed
by Shoham et al. (11) and Yu et al. (99) dif-
fer respectively as to whether wild-type pyrin
is an intermolecular inhibitor of IL-1β produc-
tion or is itself prevented from activating IL-1β

by intramolecular interactions, both agree that
increased binding by PSTPIP1 mutants would
work against this constraint.

Despite anecdotal evidence for the efficacy
of the IL-1 receptor antagonist anakinra in
the articular attacks of PAPA syndrome (101),
broader experience suggests that IL-1 inhi-
bition is probably not as effective a strategy
in PAPA syndrome as for CAPS, and thus
raises the possibility that PSTPIP1 mutations
may have additional pathophysiologic effects.
That PSTPIP1 is also very highly expressed
in T cells lends itself to the hypothesis that
PAPA syndrome may at some level arise due
to improper activation of the adaptive im-
mune response. PSTPIP1 interacts with a num-
ber of T cell proteins, including the Wiskott-
Aldrich syndrome protein (WASp), CD2, and
Fas ligand (FasL) (102–104). PSTPIP1/PTP-
PEST binding inhibits WASp phosphorylation,
which is required for activated T cell transcrip-
tional activity, actin polymerization, and im-
munologic synapse formation. Although PAPA-
associated PSTPIP1 mutations did not affect
WASp binding in yeast, in mammalian cells
such mutations may decrease binding as a re-
sult of PSTPIP1 hyperphosphorylation and
could thereby potentiate T cell activation (98).
PTP-PEST/PSTPIP1 interaction with CD2
inhibits T cell activation (103), and, if PAPA
mutations inhibit this interaction, T cell ac-
tivation could ensue. PSTPIP1 also interacts
with FasL in T cells, and when PSTPIP1 is
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overexpressed, FasL is retained in the cyto-
plasm of the T cell, thus preventing its cyto-
toxic activity (104). Although the net effect of
PAPA-associated PSTPIP1 mutants on T cell
function in vivo is unknown, the adaptive im-
mune response could provide at least a trigger
for PAPA flares, notwithstanding the fact that
the neutrophil is by far the predominant effec-
tor cell in PAPA lesions.

Among a number of unanswered questions
is the relative contribution of innate and adap-
tive immunity in the pathogenesis of PAPA. The
dominant mode of inheritance suggests a gain of
function for mutant PSTPIP1, consistent with
its documented increased binding to pyrin, but
which may extend to its interactions with bind-
ing partners in T cells or other lymphocyte sub-
populations. Careful examination of protein in-
teractions in patient cells, and the development
of knockout and knockin animal models, may
help address basic mechanistic issues.

Chronic recurrent multifocal osteomyelitis
(CRMO) and synovitis acne pustulosis hy-
perostosis osteitis (SAPHO) syndrome. In
the cmo mouse model, spontaneous recessive
mutations in Pstpip2 (a murine gene encoding
a protein homologous to the PAPA syndrome
protein PSTPIP1) cause autoinflammatory
bone disease (105, 106). This most closely re-
sembles CRMO, a human disorder presenting
as bone pain, lytic bone lesions on radiographs,
and culture-negative inflammatory infiltrates of
the bone, with or without fever (12, 107, 108).
CRMO usually presents early in life (∼10 years
of age), and in most patients treatment with
NSAIDs can ameliorate symptoms. CRMO is
often associated with other inflammatory syn-
dromes, such as palmar-plantar pustulosis, pso-
riasis vulgaris, and inflammatory bowel disease.
SAPHO syndrome is characterized by the con-
ditions abbreviated in its acronym (synovitis,
acne, pustulosis, hyperostosis, and osteitis), and
most of these are coincident with CRMO, al-
though skin involvement plays a larger role in
SAPHO. Therefore, CRMO and SAPHO syn-
drome probably form a spectrum of disease
with one difference being that CRMO is usu-

ally a pediatric disease, whereas for the most
part SAPHO syndrome is not.

A genetic influence is clear in some fami-
lies, with affected siblings, concordant monozy-
gotic twins, and indeed an autosomal recessive
form of CRMO with congenital dyserythropoi-
etic anemia, known as Majeed syndrome, that
is caused by mutations in the gene LPIN2. Al-
though little is known about the function of
LPIN2, it has been suggested that its upregula-
tion in macrophages with oxidative stress could
relate to a possible role in regulating the in-
nate immune response (107). By this hypothe-
sis, disease-associated LPIN2 mutations might
disturb its protective function against oxidative
stress, thus causing tissue damage and polymor-
phonuclear (PMN) cell influx. This is also how
pathology in the spontaneous cmo murine dis-
ease proceeds, with neutrophilic osteomyelitis
and ensuing bone resorption that closely mir-
rors both Majeed syndrome and CRMO as a
whole (105, 106).

A second mouse model, termed Lupo, ex-
hibiting a similar phenotype primarily in dis-
tal appendages, was subsequently generated by
random mutagenesis and found to have a dif-
ferent missense mutation in Pstpip2 (106, 109).
Lupo is intrinsic to the hematopoietic system
as documented by adoptive transfer of affected
bone marrow, and the phenotype is unchanged
when examined in mice lacking both T and B
cells. This characteristic agrees well with the
expression of human PSTPIP2 predominantly
in monocytes and macrophages and, because
expression of mutant Pstpip2 is much lower in
Lupo mice relative to controls, suggests that
the function of the gene is antiinflammatory.
The functional relationship between PSTPIP2
and PSTPIP1 remains unclear, particularly be-
cause PSTPIP2 lacks the C-terminal SH3 do-
main that mediates interactions with many dif-
ferent binding partners for PSTPIP1 including
pyrin. The human PSTPIP2 gene is encoded
within a genomic interval found to be associ-
ated with sporadic CRMO by transmission dis-
equilibrium testing (110), although to date no
PSTPIP2 mutations have been identified in spo-
radic cases.

636 Masters et al.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:6
21

-6
68

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
of

 H
ea

lth
 L

ib
ra

ry
 o

n 
06

/1
0/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-22 ARI 18 February 2009 17:12

The classification of CRMO and SAPHO as
disorders of IL-1β inflammasome regulation is
conjectural at the present juncture, but it does
immediately suggest additional lines of investi-
gation both in mice and humans. In the animal
model, breeding of intercrosses of Pstpip2 mu-
tant mice with mice deficient in various IL-1β

inflammasome components will be of great in-
terest. In humans, the potential efficacy of IL-1
inhibition in patients with the CRMO/SAPHO
disease spectrum may provide additional data
to support or refute the importance of this cy-
tokine in disease pathogenesis.

Hyperimmunoglobulinemia D with peri-
odic fever syndrome (HIDS)/mevalonate ki-
nase deficiency (MKD). Initially, mevalonate
kinase (MVK), the gene responsible for HIDS
(5, 6), was enigmatic as a gene causing autoin-
flammatory disease without clear links to the
immune system. The mevalonate kinase (MK)
enzyme is ubiquitously expressed, and by con-
verting mevalonic acid to 5-phosphomevalonic
acid it catalyzes an early step in the biosyn-
thetic pathway for cholesterol and nonsterol
isoprenes. The most severe loss-of-function
mutations in MVK, when present on both chro-
mosomes, result in mevalonic aciduria, with
pathology including recurrent fever, mental
retardation, developmental abnormalities, and
often early death (111). In HIDS there may be
approximately 5% residual enzymatic activity
(often due to a mild mutation in trans with
a more severe mutation), and these patients
have the recurrent fever, lymphadenopathy,
abdominal pain, and rash associated with
HIDS, but not the more severe manifestations
of mevalonic aciduria. Whereas the mutations
associated with mevalonic aciduria tend to be
clustered in sites important to the catalytic
activity of the enzyme, HIDS-associated muta-
tions are more broadly distributed throughout
the protein sequence (Figure 1). Preliminary
hypotheses suggested opposing mechanisms
for the disease pathogenesis in HIDS, one
being that mevalonic acid is present in excess
and is therefore toxic, the other that isoprenoid
biosynthesis is deficient, leading to perturba-

tions in signaling pathways (5, 6). Defective
apoptosis of lymphocytes from HIDS patients
is also suggested to be a cause of disease, al-
though the molecular basis of this is uncertain
(112).

More recently, investigation into the sig-
naling pathways that may be affected by al-
terations in the MK pathway has implicated
the small GTPase Rac1, phosphoinositide 3-
kinase (PI3K), and protein kinase B (PKB)
as key molecules that could give rise to acti-
vated caspase-1 (and hence IL-1β production
and inflammation) due to isoprenoid deficiency
(113). These data come from a model of iso-
prenoid deficiency created using simvastatin, an
inhibitor of HMG-CoA reductase that should
mirror the effect of loss-of-function mutations
in MK by lowering mevalonate levels. Simvas-
tatin treatment of THP-1 cells after exposure to
LPS resulted in increased IL-1β secretion that
was abrogated by Rac1 and PI3K inhibition,
but further increased when constitutively active
PKB was overexpressed (Figure 2). Replication
of these findings in vivo, perhaps using the re-
cently developed murine model of HIDS from
a mouse lacking one Mvk allele (114), is nec-
essary. Nevertheless, it is very encouraging to
see that inhibition of Rac-1 lowers the levels
of IL-1β produced by HIDS PBMCs ex vivo,
as this suggests a new avenue for treatment of
HIDS that may be directly targeted to the dis-
ease mechanism (113).

In the aforementioned murine model (114),
heterozygous knockout mice for the Mvk gene
have a clear accumulation of mevalonic acid
in several organs and significantly increased
serum concentration of IgD. These mice also
have a higher incidence of hepatomegaly (25%)
and splenomegaly (33%) and a higher serum
concentration of TNF-α. The involvement of
IgD in the pathogenesis of HIDS is unlikely
(115). Symptoms can occur in children some
years before the elevation of serum IgD con-
centration is found, and IgD concentrations
do not correlate with disease activity or sever-
ity. In addition, a number of mutation-positive
patients have a normal concentration of IgD,
and occasional patients with other recurrent
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fever syndromes have modestly elevated serum
IgD (116).

There is not yet consensus in the literature
about treatment of HIDS, although prelimi-
nary reports on the efficacy of anakinra are con-
sistent with the involvement of IL-1β in this
disease (117, 118). Furthermore, it seems that,
especially for adult HIDS patients with infre-
quent and/or less severe attacks, anakinra need
not be used prophylactically but instead can be
administered at symptom onset to lessen the
severity and duration of attacks. For this rea-
son, and because of the new biochemical data
linking MK to IL-1β, we feel comfortable dis-
cussing HIDS as an extrinsic inflammasomopa-
thy. An argument could also be made to clas-
sify HIDS as a protein-folding disorder because
the mutations in MK appear to affect protein
folding (119). Culture of patient fibroblasts in
circumstances that promote a more controlled
protein folding increased the residual meval-
onate kinase enzyme activity. Intercrossing Mvk
heterozygous mice with ASC- and/or Nlrp3-
deficient mice should confirm the role of the
inflammasome in disease or suggest an alterna-
tive mechanism of disease pathogenesis.

Recurrent hydatidiform mole. Recurrent
hydatidiform mole is a relatively rare condition
that underscores the important connections be-
tween reproductive biology and innate immu-
nity. In general, hydatidiform mole is a benign
trophoblastic tumor presenting as a pregnancy
with the absence of embryonic development
and with cystic degeneration of chorionic villi
(120). This condition may occur in as many as 1
in 1500 pregnancies, although recurrent hydat-
iform mole (RHM) comprises only about 2% of
the total. RHM has a strong genetic contribu-
tion, and multiple cases within individual fami-
lies have been described (120). Although there
is biparental inheritance of RHM, DNA methy-
lation at imprinted loci is abnormal, with either
a defective maternal contribution or paternal-
specific methylation patterns on maternally in-
herited alleles (121). Therefore it was somewhat
surprising when the first genetic cause of RHM
was identified as NLRP7 (NALP7, PYPAF3)

(122), an innate immune gene without a known
direct role in DNA methylation. Women with
RHM are homozygous or compound heterozy-
gous for NLRP7 mutations, whereas males ho-
mozygous for the same mutation have normal
reproduction. The NLRP7 protein is similar in
structure to NLRP3 and NLRP1, with an N-
terminal pyrin domain, a NACHT/NBD motif,
and a C-terminal LRR domain. NLRP7 is not
known to function as NLRP1 and NLRP3, to
activate IL-1β, but instead is thought to act as
a negative regulator of IL-1β, perhaps induced
by inflammatory cytokines as part of a negative
feedback loop (123). NLRP7 was also found to
be expressed in target organs such as uterus, en-
dometrium, and ovary (122), and therefore the
regulation of the involvement of inflammatory
processes during pregnancy becomes the new
hypothetical mechanism of disease, and DNA
methylation differences may instead only be as
a result of tissue inflammation.

The role of the innate and adaptive immune
systems during pregnancy is a fascinating topic,
as they control a very delicate equilibrium be-
tween fetal rejection and defense against infec-
tion. The balance appears to change during the
course of pregnancy, with a predominance of
pro- or antiinflammatory cytokines required at
different stages (124). For brevity, we discuss
only IL-1, although functional data implicate
many other cytokines, chemokines, receptors,
and complement molecules (125). Regarding
IL-1, it has been shown that IL-1β induces
preterm delivery in mice and that an intronic
polymorphism in the IL-1 receptor antago-
nist (IL-1RN) may be associated with preterm
birth of humans (126). The relevant IL-1RN
polymorphism is also associated with increased
IL-1β production in vitro (127), and thus one
could hypothesize that inactivating mutations
in NLRP7, a protein that negatively regulates
IL-1β, could similarly shift the balance in favor
of increased IL-1β activity in vivo. Perhaps this
speculation is somewhat premature because the
key biochemical experiments looking at IL-1β

production in the presence of mutant NLRP7
molecules have not yet been reported, let alone
the in vivo correlates of this in animal models.
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It is interesting that two NLRP7 mutations may
preclude the possibility of normal pregnancy
(128), whereas heterozygous mutations in fe-
males predispose to still birth and spontaneous
abortions (129). The emerging phenotypic pic-
ture may be a complex interplay of NLRP7
genotypes with other genetic and environmen-
tal effects. Understanding how innate immu-
nity, IL-1β, and NLRP7 are regulated to allow
successful pregnancy is certain to advance over
the next few years.

Complex/Acquired
Inflammasomopathies

Gout/pseudogout. Gout and pseudogout
are common rheumatic diseases caused by
the respective deposition of monosodium
urate (MSU) and calcium pyrophosphate
dihydrate (CPPD) crystals in the joints and pe-
riarticular tissues, leading to acute and chronic
inflammation. In the sense that metabolic per-
turbation provokes inflammatory activation,
the crystal deposition diseases could be consid-
ered autoinflammatory (8), but the molecular
details, particularly regarding the innate im-
mune system, were at first lacking. Martinon
and colleagues (18) subsequently made a key
breakthrough by showing that NLRP3 plays
a pivotal role in the inflammatory complica-
tions of MSU and CPPD crystal deposition
(Figure 2). Both MSU and CPPD crystals
increased caspase-1 activation and IL-1β

secretion from macrophages stimulated with
LPS, but this did not occur in ASC- or Nlrp3-
deficient macrophages (18). Furthermore, the
neutrophil influx generated in a mouse model
of crystal-induced peritonitis was reduced in
mice deficient for inflammasome components.

More evidence for a role of IL-1 in crys-
talline arthropathies comes from mice deficient
in the adaptor protein MyD88, which are re-
sistant to MSU-initiated gouty inflammation
(130). MyD88 transduces both TLR and IL-1
receptor signaling, and although mice deficient
for various TLRs still exhibit inflammation,
those deficient for the IL-1β receptor do not,
suggesting that IL-1 signaling specifically con-

trols disease progression in this model. Bone
marrow reconstitution experiments demon-
strated that the IL-1 receptor was required in
nonhematopoietic cells, but not hematopoietic
cells, for acute gouty inflammation.

Small pilot studies of anakinra suggest that
this research is translatable into the clinic
(131, 132). While this supports the role of
the IL-1β inflammasome in the crystalline
arthropathies, IL-1 inhibition is unlikely to
have the same impact in these illnesses as in
CAPS, given the availability of alternative ap-
proaches. Lifestyle change and nonbiological
agents such as colchicine will likely remain the
mainstay of treatment. This is not to say that
IL-1 inhibition will not become increasingly
useful as the drugs targeting this pathway are
improved for half-life, cost, or oral absorption.
Even with currently available agents, random-
ized controlled studies may support the efficacy
and cost-effectiveness of IL-1 inhibition in the
crystalline arthropathies.

Fibrosing disorders. The fibrosing disorders
are a heterogeneous group of conditions that
include idiopathic pulmonary fibrosis, crypto-
genic cirrhosis, retroperitoneal fibrosis, scleros-
ing cholangitis, and scleroderma. There are a
few well-documented cases of fibrosing disease
secondary to environmental insults, as was re-
cently demonstrated for nephrogenic systemic
sclerosis induced by the magnetic resonance
contrast agent gadolinium (133). Genetic fac-
tors, such as mutations at the telomerase lo-
cus, have also been associated with rare familial
cases of pulmonary fibrosis (134). While there
are anecdotes and small series suggesting that
the fibrosing disorders may be manifestations of
a broader susceptibility to inflammation (135),
until recently the details have remained elusive.
However, recent data point to an important role
for the inflammasome in two environmentally
induced forms of pulmonary fibrosis.

Asbestos and silica can cause severe in-
flammatory and fibrotic disease when inhaled.
Alveolar macrophages lavaged from individu-
als with prolonged asbestos exposure secrete
enhanced basal amounts of IL-1β in vitro
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IPF: idiopathic
pulmonary fibrosis

T2DM: type 2
diabetes mellitus

(136). Several labs have now reported that
IL-1β production in response to these parti-
cles is abrogated in Nlrp3-deficient mice (19–
21) (Figure 2). One paper further suggests
that NLRP3-activating crystals/fibers share the
ability to destabilize lysosomes (21). Similarly,
phagocytosis of amyloid-β in the central ner-
vous system may also lead to lysosomal destabi-
lization, inflammasome activation, and IL-1β

release (137). While the role of IL-1β in the
pathogenesis of Alzheimer’s disease is still not
conclusive, there is now a growing rationale for
clinical trials targeting IL-1β in the fibrosing
disorders caused by substance inhalation.

By analogy, it is tempting to hypothesize that
idiopathic pulmonary fibrosis (IPF) is caused by
a similar process, triggered perhaps by other in-
halants or environmental exposures. Genetics
appears to play an important role in suscepti-
bility to IPF (138), with some studies suggest-
ing an association with a polymorphism in the
IL-1 receptor antagonist gene (139). In mice,
direct administration of IL-1β by inhalation re-
sults in fibrotic inflammation that is comparable
to that induced by bleomycin (140), a murine
model for IPF. Bleomycin-induced pulmonary
fibrosis is attenuated by genetic deletion of the
IL-1 receptor and the inflammasome adaptor
ASC genes, and by exogenously administered
IL-1 receptor antagonist. Bearing in mind that
IPF is likely a genetically complex disorder in-
volving a number of inflammatory pathways,
data from human and animal models suggest
a pathogenic role for IL-1β and raise the pos-
sibility of pilot studies of IL-1 inhibitors in this
life-threatening disease.

Type 2 diabetes mellitus. Diabetes mellitus is
characterized by elevated fasting and postpran-
dial blood sugar levels due to the relative or ab-
solute deficiency of insulin. In type 1 diabetes
(T1DM) there is strong evidence of pancreatic
islet cell destruction, often early in life, even-
tually leading to marked reduction in insulin
production. The large majority (type 1A) are
caused by anti-islet cell autoantibodies (141).
In contrast, type 2 diabetes mellitus (T2DM)
tends to occur later in life and is due to the com-

bination of peripheral insulin resistance and
impaired islet cell insulin secretion, which are
thought to be metabolic consequences of ex-
cessive weight (142). In addition, an emerging
body of data suggests that the innate immune
system plays an important role in the pathogen-
esis of T2DM.

T2DM was first proposed as a disease of
the innate immune system over a decade ago
(143). This work suggested that T2DM is asso-
ciated with persistent elevation of acute-phase
reactants and inflammatory mediators, and this
has now been further refined to a subset of
proinflammatory cytokines, particularly IL-1β

and IL-6 (144). IL-1β is a key cytokine that
induces the apoptosis of pancreatic beta cells.
Hyperglycemia creates a vicious circle by in-
ducing the production of IL-1β by the β cells
themselves (145), thus leading to further islet
cell dropout and ever-increasing blood glu-
cose levels. In a mouse model of diabetes, ad-
ministration of the IL-1 receptor antagonist
protected animals fed a high-fat/high-sucrose
diet from hyperglycemia and β cell apopto-
sis (146). Moreover, in a randomized, double-
blind, placebo-controlled trial in 70 patients
with T2DM, anakinra improved glycemia and
β cell secretory function (147). Although to
date variants in the genes encoding inflamma-
some proteins have not been associated with
T2DM in whole-genome analyses, the biologic
and clinical evidence places the inflammasome
at a critical crossroads in the pathogenesis of
T2DM. Particularly as longer-acting IL-1 in-
hibitors become available, this pathway could
provide an important target in the treatment of
this common but debilitating illness.

Schnitzler syndrome. Our discussion of
Schnitzler syndrome as a disease mediated pri-
marily by the innate immune system may still
be premature. This illness is characteristically
associated with monoclonal IgM gammopa-
thy and sometimes bone pain and radiographic
findings (148), which might indicate involve-
ment of the B cell lineage, and the mean age
of onset is 51 years. However, the remaining
constellation of urticaria, intermittent fever,
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arthralgia or arthritis, and elevated acute-phase
reactants is reminiscent of the hereditary peri-
odic fever syndromes, and of the cryopyrinopa-
thy MWS in particular. The biochemical data
available to date do indeed suggest a promi-
nent influence of proinflammatory cytokines
from the innate immune system (149), and there
are now several reports indicating that inhibit-
ing IL-1β signaling is also very beneficial in
the treatment of Schnitzler syndrome (149–
153). Gammopathy may persist after anakinra
despite remission of fever, rash, and constitu-
tional symptoms (149), suggesting more prox-
imal molecular events in the pathogenesis of
Schnitzler syndrome.

NF-κB ACTIVATION DISORDERS

Crohn’s Disease (CD)

NOD2/CARD15 was placed center stage in the
field of immunology when two simultaneous
publications documented susceptibility alleles
that predispose to CD (26, 27). CD and ulcer-
ative colitis (UC) are the two most common
forms of inflammatory bowel disease (IBD),
but there are several clinical as well as genetic
features that distinguish between them (163). In
CD, inflammation is typically transmural and
can be found discontinuously throughout the
gut, whereas UC primarily affects the mucosal
and submucosal layers of the rectum and colon
in a continuous pattern. NOD2 appears to be a
genetic discriminating factor as a locus that is
only associated with CD (163–167). This is in
contrast to single nucleotide polymorphisms
(SNPs) in ECM1 (an intestinal glycoprotein
that activates NF-κB) and IL-10 associated just
with UC (165, 167), and to SNPs in IL-23R and
IL-12B (encoding the p40 subunit of IL-12 and
IL-23) that are associated with IBD in general
(163–167). These genes highlight the involve-
ment of both the innate and adaptive immune
system with features of both autoinflammatory
and autoimmune disease. Of note, the cellular
distribution of NOD2 expression is almost
exclusively within the myeloid lineage of innate
immune cells, while the associations with

INNATE IMMUNE GENES AS DETERMINANTS
OF AUTOIMMUNE DISEASE

Recent data implicate genes of the NLR and TLR families in the
development of a number of diseases that more appropriately fit
into the autoimmune (as opposed to the autoinflammatory) spec-
trum. One interesting example is the association of NLRP1 not
only with vitiligo, but also with a range of other autoimmune dis-
eases that affect the relatives of vitiligo probands (154). NLRP1
is highly expressed in T cells, but also in a range of innate im-
mune cells such as monocytes and dendritic cells. In allogeneic
stem cell transplantation, recipient variants in NLRP1, as well as
donor variants at NLRP2 and NLRP3, have been shown to be im-
portant prognostic factors (155). Variants at another NLR gene,
NOD2/CARD15, in both donor and recipient are associated with
graft-versus-host disease and mortality (156). Although we have
distinguished between the IL-1β activating role of the NLRP
proteins, and the NF-κB regulatory effect of NOD2, both link
pathogen-associated molecular patterns (PAMPs) with proin-
flammatory cytokine activation. NOD2 may directly sense an
exogenous bacterial component like muramyl dipeptide (MDP)
(157, 158), whereas NLRP1, NLRP2, and NLRP3 may respond
to changes in homeostatic proteins due to danger signals from
molecules such as uric acid that would be released with a variety
of natural or iatrogenic insults. In contrast to this, TLR7 and
TLR9 are activated directly by nucleic acids, and this activation
is implicated in the pathogenesis of systemic lupus erythemato-
sus (159–162). These receptors usually alert the innate immune
system to viral RNA/DNA, but inappropriate presentation of self
RNA/DNA may lead to autoimmune disease. Although our un-
derstanding of innate immune genes in autoimmune diseases is
still rudimentary, these pathways are becoming increasingly at-
tractive targets for therapeutic intervention.

IBD: inflammatory
bowel disease

IL-10, IL-12B, and IL-23R suggest an impor-
tant pathogenic role for T cells. A unifying
theory might posit that NOD2-associated SNPs
cause inappropriate activation of innate im-
mune myeloid cells to normal intestinal flora,
thus triggering a response influenced by genes
of the adaptive immune system. Alternatively,
NOD2 may normally function as an innate
signal to tolerize the host adaptive immune
system, for which loss-of-function mutations
may render the host sensitive to normal enteric
bacteria.
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The NOD2 protein bears some structural
similarities to the NLRP3 protein (Figure 1).
Whereas NLRP3 has a single N-terminal pyrin
domain, NOD2 has two N-terminal CARDs,
but both pyrin domains and CARDs belong to
the same family of motifs, which assume a three-
dimensional structure that permits cognate in-
teractions (39–41). Through homotypic CARD
interactions, NOD2 interacts with RICK/RIP2
to activate the NF-κB and mitogen-activated
protein (MAP) kinase signaling pathways (168).
Like NLRP3, NOD2 also has a NACHT/NBD
domain with ATP-binding activity, and ten C-
terminal LRRs through which it mediates, di-
rectly or indirectly, intracellular recognition of
the bacterial cell wall component MDP (157,
158) (Figure 2). While CD mutations are found
throughout NOD2, three mutations in the C-
terminal third account for 80% of NOD2 CD
variants (169).

The mechanism by which CD mutations
in NOD2 cause IBD remains controversial.
One major problem is that the effect of these
mutations on innate immunity is highly de-
pendent on the type of cells being assayed.
Thus, whereas NF-κB activation is increased
in the lamina propria of individuals with CD
(170), PBMCs exhibit decreased MDP-induced
activation (171, 172). Bone marrow–derived
macrophages from mice harboring a NOD2
CD mutation exhibit increased NF-κB activity
and IL-1β in response to MDP (173), consis-
tent with the patient data from intestinal tissue.
On the other hand, CD patients exhibited an
impaired inflammatory response to topical ap-
plication of IL-8, which was normalized by the
addition of MDP, unless the patient was ho-
mozygous for a NOD2 CD variant (174).

Mice deficient in the murine Nod2 are sus-
ceptible to Listeria monocytogenes infection via
the oral route and express reduced amounts
of a subgroup of intestinal antimicrobial pep-
tides known as cryptdins (175). More recent
data from CD patients suggest that this latter
effect is due to inflammation and is not a pri-
mary pathogenic event (176). However, neither
the aforementioned mice nor another line de-
ficient in Nod2 develop spontaneous IBD-like

disease (175, 177). Data from yet another exper-
imental model suggest that MDP activation of
NOD2 downregulates multiple TLR responses
and that the absence of such tolerization with
CD mutations might increase susceptibility to
intestinal inflammation (178). Alternatively, it
has been suggested that the LRR of NLR pro-
teins is autoinhibitory and that inactivating CD
mutations would prevent autoinhibition and
thus promote inflammation (Figure 2).

Another important consideration is that
NOD2 is not the only innate immune gene as-
sociated with CD, and thus it is possible that
animal model systems should take into account
more of the >30 genetic factors that have been
associated with disease susceptibility in humans
(164). Several autophagy-related genes, such
as ATG16L1, are strongly associated with CD,
which further suggests a role for the presen-
tation of bacterial components to intracellu-
larly expressed proteins such as NOD2. Paneth
cells from mice deficient in the murine Atg16L1
manifest abnormalities in granule exocytosis
similar to those seen in CD patients (179) and
exhibit heightened susceptibility to chemically
induced colitis in an IL-1β-dependent fashion
(180). Mice deficient in a second CD-associated
autophagy gene, Irgm, have an impaired capac-
ity to eliminate intracellular pathogens. Such
data suggest a complex interaction between
NOD2, various autophagy genes, and a num-
ber of other loci controlling innate and adap-
tive immune function to confer susceptibility
to CD.

Blau Syndrome (BS)

Whereas certain variants in NOD2 are risk
factors for CD, a different subset of NOD2
sequence substitutions are high-penetrance,
dominantly inherited mutations that cause BS
(28). BS is characterized by a triad of granu-
lomatous uveitis, arthritis, and skin rash with
camptodactyly (flexion contractures of the fin-
gers). NOD2 mutations have also been found
in early-onset sarcoidosis (181), an entity that
some regard as the same disease as BS, and
among patients with a somewhat broader
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phenotype than that typical for BS (182, 183).
BS mutations almost exclusively target the
NBD of the protein, whereas CD mutations
predominantly affect its LRR (Figure 1). The
central NBD of other NLR proteins is known
to bind and hydrolyze ATP, and this is required
for signaling. It has not yet been determined
that NBD mutations in BS result in altered ATP
processing, but it is known that basal NF-κB ac-
tivation is upregulated (181). Mutations causing
cryopyrinopathies also cluster around the NBD
of NLRP3. Comparison of the predicted three-
dimensional structure of NLRP3 with that of
NOD2 indicates that the R260W mutation of
NLRP3 and the BS-associated R334W muta-
tion of NOD2 encode the same amino acid
substitution at a homologous, structurally con-
served residue (184).

It is intriguing why CD-associated NOD2
variants predominantly reside in or adjacent
to the LRRs and induce gastrointestinal dis-
ease, while BS-associated NOD2 mutations oc-
cur mostly in the NBD/NACHT domain and
produce a broader distribution of affected tis-
sues. As is the case for NLRP3, NBD mutations
in BS may produce a protein that is constitu-
tively active. On the other hand, LRR muta-
tions may alter thresholds for PAMP-induced
signaling, which for NOD2 may occur mostly
in the gastrointestinal tract, but would not lead
to constitutive, ATP-independent activation.

Guadeloupe Variant Periodic Fever
Syndrome (FCAS2)

We have provisionally placed a newly reported
periodic fever syndrome, first described in two
families from Guadeloupe (29), among the
NF-κB activation disorders, although at first
glance the clinical picture suggests an IL-1β-
related disorder. Patients present with week-
long episodic fevers triggered by cold expo-
sure and associated with arthralgia, myalgia,
and other constitutional symptoms. Two af-
fected members of one family had sensorineu-
ral hearing loss. Although clinically similar
to FCAS or MWS, mutational screening in
NLRP3 and other known periodic fever genes

PAMP: pathogen-
associated molecular
pattern

was negative. A subsequent examination of
NLRP12 (NALP12, PYPAF7, MONARCH-1),
chosen because of its similarity to NLRP3 and
expression in myelomonocytic cells, revealed
dominantly inherited nonsense and splice-site
mutations in the two families. These vari-
ants were not found in a panel of 104 eth-
nically matched control chromosomes, a rel-
atively small number, but the functional case
for their pathogenic role is fairly strong (see
below). Based on the clinical similarities with
FCAS, but unique genetics, this condition has
also been termed FCAS2.

NLRP12 was the first example of an NLR
protein capable of negatively regulating NF-
κB activation (185). The mutations identified
in NLRP12 affect the protein significantly, with
the nonsense mutation truncating the protein
within the NBD and the splice mutation delet-
ing the C-terminal LRRs (29). This differs from
the NLRP3 mutations in CAPS, which are pre-
dominantly missense mutations of the NBD.
In overexpression systems, the NBD truncation
substantially impacted normal NLRP12 inhibi-
tion of NF-κB activation, with the LRR muta-
tion showing a less convincing effect (29). It is
not known whether NLRP12 can participate
in an inflammasome complex regulating IL-1β

production.

PROTEIN FOLDING DISORDERS
OF THE INNATE IMMUNE
SYSTEM

TNF Receptor–Associated Periodic
Syndrome (TRAPS)

Dominantly inherited heterozygous mutations
in TNFRSF1A, encoding the TNF receptor
1 (TNFR1, also known as TNFRSF1A, p55,
and CD120a) cause TRAPS (2). Patients ex-
perience recurrent, often prolonged fevers that
can be accompanied by severe abdominal pain,
pleurisy, arthritis, a migratory skin rash with
underlying fasciitis, and/or periorbital edema
(186, 187). Some TRAPS patients eventually
develop systemic AA amyloidosis. In contrast
to FMF, there is no ethnic predilection, and
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corticosteroids are effective for the acute at-
tacks, whereas colchicine is not.

TRAPS-associated mutations exclusively af-
fect the extracellular region of the receptor
(Figure 1), and in many cases the cysteine
residues that participate in disulfide bonds re-
sult in the most severe and penetrant disease
phenotype with the highest risk of amyloidosis
(188). In the initial description of TRAPS, we
considered the possibility that interchain disul-
fide binding of unpaired cysteine residues might
lead to constitutive activation but rejected this
hypothesis based on studies of cytokine produc-
tion from patients’ PBMCs (2). Experiments
examining the binding of radiolabeled TNF to
leukocytes from patients and controls showed
no increased TNF binding (2). An alternate hy-
pothesis was that TNFR1 mutations might lead
to a defect in the ability of metalloproteases to
cleave TNFR1 from the cell membrane, also
called receptor shedding, which is the most
common way of inactivating TNFR1 (189).
Despite the fact that most TRAPS-associated
TNFR1 mutations are remote from the known
cleavage site, initial observations, including in-
creased cell surface TNFR1 and decreased sol-
uble TNFR1 in patients’ blood, were consis-
tent with impaired ectodomain cleavage (2).
By this hypothesis, TRAPS-associated muta-
tions would lead to impaired receptor shed-
ding, thereby permitting repeated stimulation
through membrane-bound receptors and a de-
creased pool of potentially inhibitory solu-
ble receptors. Implicit in this hypothesis was
the concept that cell-bound mutant receptors
would signal normally and that TNF signaling
would be the central pathogenic mechanism.
However, not all TRAPS-associated TNFR1
mutations have an effect on shedding (188), and
even for TNFR1 mutations where an effect on
shedding has been demonstrated, this is con-
fined to certain cell types (190).

Our understanding of how the TRAPS phe-
notype develops has recently been advanced by
in vitro analysis of mutant receptors. Overex-
pression experiments in cell lines suggest that
the mutations cause TNFR1 to aggregate and
inhibit its trafficking to the cell membrane

(30, 191, 192). The TNFR1 mutations also
cause decreased binding of TNF (191). Lobito
et al. demonstrated that the mutant receptors
no longer oligomerized with wild-type recep-
tors, instead forming disulfide-linked homo-
oligomers (30). Furthermore, the mutant re-
ceptors were retained intracellularly where they
colocalized with markers for the endoplasmic
reticulum (ER), and their cell surface expression
was also prevented in vivo in mice homozygous
for a knockin of the T50M mutation (30). This
finding is also in agreement with computational
modeling studies that suggest improper fold-
ing of the mutated protein, leading to differ-
ent conformations of the TNFR1 ectodomain
(193), and with studies of neutrophils from
C33Y TRAPS patients that show minimal sur-
face staining for the mutant receptor (192).

These recent findings are a significant de-
parture from our initial understanding of the
disease. Undoubtedly, the structural changes
induced by TRAPS mutations would inter-
fere with recognition by proteases and thereby
inhibit cleavage of whatever mutant receptor
makes it to the cell surface. Moreover, there
are rare patients with the TRAPS phenotype
who do have mutations near the cleavage site
at the transmembrane region whose leukocytes
exhibit impaired receptor shedding (194, 195).
However, the evidence for impaired trafficking
of a number of mutant receptors adds an im-
portant new dimension to the discourse on the
underlying cause of TRAPS.

From a theoretical view, there are at least
two constraints on potential hypotheses regard-
ing the mechanism of TRAPS. First, any pro-
posal must explain how mutations that lead to a
grossly misfolded protein, with impaired ligand
binding, aberrant intracellular trafficking, and
impaired aggregation with wild-type receptors,
still lead to an autoinflammatory rather than an
immunodeficiency phenotype. Second, any vi-
able theory must explain the dominant mode
of inheritance of TRAPS. Initially (when it was
still assumed that mutant TNFR1 would reach
the cell surface normally), the inheritance of
TRAPS was explained by the fact that TNFR1
molecules must trimerize to signal, and that
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7/8 possible trimers composed of mutant and
wild-type receptors would contain at least one
mutant receptor. However, in light of the re-
cent data in transfection systems that mutant
receptors seem not to associate with wild-type
molecules (30), this explanation seems much
less likely. Similarly, dominant-negative inter-
ference with apoptotic signaling through the
wild-type TNFR1 would seem unlikely if the
wild-type and mutant species do not inter-
act. Instead, various gain-of-function hypothe-
ses become more likely. Two such formula-
tions that comport with the data include the
notion that misfolded intracellular receptors
might trigger ER stress and the UPR (196),
or that intracellular aggregates of misfolded
protein might constitutively induce intracel-
lular signaling through aggregation of their
death domains and subsequent recruitment of
downstream signaling molecules. In contrast,
certain other theories, such as the proposal
that TNFR1 mutations might lead to shunting
through the 75-kDa TNFR2, seem less likely
because they do not explain the dominant in-
heritance of TRAPS.

Our recent data suggest that the accumu-
lation of mutant TNFR1 results in sponta-
neously increased activation of MAPK such as
JNK and p38 (Figure 4). This activation may
prime TRAPS cells to become more suscepti-
ble to low doses of inflammatory stimuli such
as LPS (A. Simon, H. Park, R. Maddipati, A.
Bulua, A. Jackson, et al., submitted). Increased
MAPK activation was mediated by reactive oxy-
gen species (ROS), and could be blocked by
inhibition of ROS. Further exploration of a
mouse model of TRAPS showed that homozy-
gous mutant mice, which lack the wild-type
TNFR1 cell surface receptor, do not develop
the full phenotype seen in heterozygous mice.
We hypothesize that the wild-type cell sur-
face TNFR1 is necessary for the autocrine and
paracrine feedback loops of TNF-α (Figure 4),
which in turn result in a marked increase in cy-
tokine production.

Initially, treatment of TRAPS with the sol-
uble p75:Fc fusion protein (etanercept) seemed
to be the ideal substitute for a deficiency of sol-

uble p55 TNFR1 that was implicated by the
shedding hypothesis (186). It did not come as
a surprise therefore that this treatment ame-
liorated disease in a large number of cases.
However, as our understanding of TRAPS
has become more sophisticated, with ligand-
independent intracellular signaling taking on
new prominence, the limitations of etanercept
have become clearer, and there are even anec-
dotal reports of the efficacy of anakinra in this
disease (197–199). This raises the possibility
that cytokine inhibitors may work in TRAPS
by mechanisms much less specific than origi-
nally envisaged. On the other hand, the fact that
etanercept has provided at least some benefit to
a number of patients is consistent with the hy-
pothesis that wild-type TNFR1 is required to
develop the disease phenotype.

Ankylosing Spondylitis

Ankylosing spondylitis (AS) is a systemic disease
manifested by chronic arthritis of the spine and
sacroiliac joints, leading eventually to the loss
of spinal mobility. There are a number of extra-
articular manifestations, including uveitis, aor-
titis, enthesitis, and dactylitis, and spinal fu-
sion may lead to restrictive lung disease and
consequent pulmonary hypertension. The as-
sociation of ankylosing spondylitis susceptibil-
ity with the class I molecule HLA-B27 is one
of the strongest known HLA disease associa-
tions and has been recognized for over 30 years
(200). Initial theories of disease pathogenesis
have revolved around the possible abnormal
presentation of self or microbial peptides se-
lectively by HLA-B27, but the identification of
so-called arthritogenic peptides has remained
elusive (201).

The inability to explain the association of
HLA-B27 with AS on the basis of antigen pre-
sentation and models of adaptive immunity has
led to consideration of alternative hypotheses.
One such line of investigation is based on the
tendency of HLA-B27 heavy chains to mis-
fold in the ER and to form disulfide-linked
heavy chain dimers (202, 203). In transgenic
rats, disulfide-linked heavy chain complexes are
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Figure 4
Mechanisms of autoinflammatory protein folding disorders. Left: TNF-receptor associated periodic syndrome (TRAPS).
TNF-receptor type 1 (TNFR1) accumulates in the endoplasmic reticulum (ER) when mutated (indicated by asterisk). This
accumulation leads to increased reactive oxygen species (ROS) activation, and subsequent MAPK phosphorylation ( JNK and p38),
which makes the cells more susceptible to inflammatory stimuli. TRAPS patients, who are heterozygous for TNFR1 mutations, still
carry the wild-type TNFR1, which is thought to play a role in propagating the inflammatory cascade. Right: spondyloarthropathies,
ankylosing spondylitis. An HLA-B27 variant is strongly associated with ankylosing spondylitis and may accumulate in the ER, leading
to an unfolded protein response. Weaker gene associations include ARTS1 (ER-associated aminopeptidase 1, ERAP1), which could
affect the pathogenic presentation of antigenic peptide fragments or the cleavage of membrane bound receptors, and IL-23R/IL-1α,
which argue for the role of proinflammatory cytokines in this disease.

much more prone to form in animals harbor-
ing the AS-associated B27 allele rather than the
disease-resistant HLA-B7 allele (204). More-
over, bone marrow macrophages from B27, but
not B7, rats exhibit evidence of the UPR, ei-

ther during the inflammatory phase of illness
or with cytokine stimulation in premorbid ani-
mals (31, 205). When stimulated with TLR lig-
ands, bone marrow macrophages from HLA-
B27 transgenic rats produce increased amounts
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of type I interferons (32) and possibly IL-23
(33). While these data have formed the basis for
a new paradigm for understanding the patho-
genesis of AS, considerable complexities re-
main in correlating the many subtypes of HLA-
B27 with misfolding and disease susceptibility
(206, 207).

Although the molecular mechanism may
still require some refinement, genetic studies
are providing additional insights. Candidate
gene analyses have implicated the IL-1 cluster
of genes on chromosome 2q13 as an important
AS susceptibility locus (208). The genetic
contribution to AS has recently been further
clarified by whole-genome analysis that iden-
tified a variant ARTS1 allele as a risk factor
for the disease (209). The ARTS1 protein (also
known as ERAP1) has at least two immunologic
functions, one related to adaptive immunity,
the second more related to innate immunity. In
the ER, ARTS trims peptides to optimal length
for presentation to MHC class I molecules,
while at the cell surface it cleaves receptors for
the proinflammatory cytokines IL-1, IL-6, and
TNF (Figure 4). Data from this large study
also implicated the gene encoding the IL-23
receptor as an AS susceptibility locus. This
is of especial note, given the aforementioned
observations on IL-23 production by HLA-
B27 transgenic rat macrophages, the already
established role for IL-23R in susceptibility to
CD (164) and psoriasis (210), and the emerging
role for IL-23 in the differentiation of the
Th17 subset of T lymphocytes (211). IL-23
may therefore provide yet another connec-
tion between innate and adaptive immunity
in the pathogenesis of autoinflammatory
disease.

COMPLEMENT DISORDERS

Hemolytic Uremic Syndrome

Hemolytic uremic syndrome (HUS) is charac-
terized by Coombs-negative hemolytic anemia,
thrombocytopenia, and renal failure. The un-
derlying pathological process is thrombotic mi-

aHUS: atypical
hemolytic uremic
syndrome

croangiopathy, with uncontrolled small-vessel
blood clots leading to erythrocyte fragmen-
tation, platelet consumption, and glomerular
hypoperfusion (212). HUS is most commonly
caused by a strain of Escherichia coli expressing
Shiga toxin, and is characterized by diarrhea fol-
lowed by the aforementioned triad of clinical
findings (213). With the exception of diarrhea,
these clinical features are also common to the
atypical form of the disease (aHUS), which is
an inherited condition for which the genetic
causes are now becoming understood. At first
deficiency of, and then simple mutations in, the
complement factor H (CFH) gene was identi-
fied (214, 215), and it is now known that muta-
tions in the gene encoding the membrane co-
factor protein (MCP or CD46, which is in the
same complement gene cluster as CFH on chro-
mosome 1q32) (216, 217) and complement fac-
tor I (CFI) gene (218) also cause disease when
mutated (Figure 5).

The third component of complement is
a critical molecule at the convergence of the
classical, alternative, and lectin pathways, and
its activation is tightly regulated (212, 219).
CFH binds C3b to prevent the formation of
the C3bBb convertase complex that further
activates C3, it accelerates the dissociation of
Bb from the convertase complex, and it acts
as a cofactor for CFI in degrading C3b (215).
Over 100 CFH mutations have been identified
in aHUS. MCP/CD46 is a transmembrane
glycoprotein that acts as a membrane-bound
cofactor for C3I-mediated degradation of
C3b. CFH is particularly important in pro-
tecting structures such as the glomerulus,
which lack MCP/CD46, from C3 activation
(220). CFI is a serine protease that inactivates
C3b. Unchecked C3 activation leads to the
production of the anaphylatoxins C3a and C5a,
which are chemotactic factors that elicit the
influx of neutrophils and other inflammatory
cells, and C3b, which acts as an opsonin (219).
Neutrophil-mediated endothelial cell damage
can, in turn, lead to the release of thrombin
and the development of the microangiopathic
cascade.
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Figure 5
Pathogenesis of the complement-mediated autoinflammatory disease atypical hemolytic uremic syndrome. Activating gain-of-function
mutations in CFB increase C3bBb convertase stability and lead to permanent activation of the alternative pathway of complement.
Autoantibodies against, and inactivating mutations within negative regulators of this process have also been described, such as for
complement factor H (CFH) and membrane cofactor protein (MCP), which are cofactors for the inactivation of C3b by complement
factor I (CFI). Asterisks denote proteins that carry mutations with known disease associations.

AMD: age-related
macular degeneration

Age-Related Macular Degeneration

Complement factor H variants confer risk of
developing age-related macular degeneration,
a leading cause of blindness in developed na-
tions (221–223). Homozygosity at one specific
variant, the substitution of histidine for tyro-
sine at residue 402 (Y402H), may increase the
risk of developing this condition late in life by
as much as sevenfold. The hallmark of this dis-
ease is the presence of drusen (protein and cell
debris containing immune and complement-
associated molecules) in and around the macula,
the area of the retina that confers central vision
and maximal visual acuity. Recent studies have
focused on delineating the mechanism by which
CFH variants lead to the deposition of drusen
and consequent macular degeneration. In mice,
a very close approximation of the human dis-
ease can be generated by immunization with
carboxyethylpyrrole, an oxidation fragment of
docosahexaenoic acid that has been found at-

tached to protein in the drusen and in the serum
of people with AMD (age-related macular de-
generation) (224). Thus one possible scenario is
that oxidative damage in the outer retina where
docosahexaenoic acid is abundant can perturb
the complement system, and that in individuals
with high-risk variants of CFH, this leads to the
development of pathogenic drusen.

CYTOKINE SIGNALING
DISORDERS

Cherubism

Cherubism is a dominantly inherited disorder
characterized by bony swelling of the upper and
lower jaws during childhood (12). Patients often
develop the characteristic cherubic round face
after which the disease was named. Radiographs
show multiple, symmetrical radiolucent cystic
bone lesions of the mandibula and maxilla. The
pathologic process is one of inflammatory cyst
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formation and bone replacement with fibrous
tissue composed of stromal cells and multi-
nucleated osteoclast-like cells. Although jaw
swelling regresses in puberty, cherubism is not
only disfiguring during the active phase but
causes significant permanent dental problems.
A relatively recent addition to the family of au-
toinflammatory diseases, cherubism is caused
by mutations in SH3BP2, which encodes an
SH3-binding protein expressed in multinucle-
ated osteoclasts and in stromal cells from cheru-
bism lesions (34).

Recently, the development of a knockin
mouse model has provided important insight
into the molecular pathophysiology of cheru-
bism (35, 225). In this study, Ueki and col-
leagues developed a mouse line in which
the P416R SH3BP2 cherubism mutation was
knocked in to the mouse ortholog. Somewhat
unexpectedly, the heterozygous mice exhibited
only minimal trabecular bone loss in the long
bones, even though cherubism is dominantly
inherited in humans. However, mice homozy-
gous for the knockin mutation developed an in-
flammatory phenotype affecting not only the
bone, but also the skin, muscle, liver, lung, and
stomach. Bone lesions included trabecular bone
loss and pits in the mandible, with increased
osteoclasts and areas of fibrosis in the affected
bone.

Bone marrow transplantation experiments
demonstrated that disease could be transferred
from mutant to irradiated wild-type mice with
hematopoietic cells. In order to further char-
acterize the cellular and molecular basis of dis-
ease in the knockin mice, animals were bred
that were doubly homozygous for cherubism
knockin and Rag1 deficiency (which lack func-
tional lymphocytes) or for the knockin and Op-
deficiency (which lack functional myeloid cells).
Bone loss occurred in the Rag1-deficient mice,
but not the Op-deficient animals, thus establish-
ing a key role for cells of the myeloid lineage.
Moreover, upon stimulation with macrophage
colony-stimulating factor (M-CSF) and re-
ceptor activator of NF-κB ligand (RANKL),
myeloid osteoclast progenitors from homozy-
gous or heterozygous knockin mice formed

HLH:
hemophagocytic
lymphohistiocytosis

unusually large osteoclasts and macrophages
that secreted excessive TNF-α (Figure 6). The
mechanism of increased responsiveness to M-
CSF and RANKL appears to be increased ERK
and Syk phosphorylation.

In this model TNF-α plays an important
role both as an effector and amplifier of bone re-
sorption. This cytokine is a potent activator of
osteoclasts, and has been implicated in the bone
loss associated with a number of inflammatory
arthritides. It is therefore likely that hyperre-
sponsiveness to M-CSF and RANKL may set
up a positive feedback loop mediated by TNF-
α. In fact, the homozygous knockin mouse had
elevated levels of TNF-α in the serum, and
crossing this mouse to one deficient for TNF-α
rescued it from disease, although bone marrow
cells from the double mutant mice did maintain
an enhanced response to M-CSF and RANKL.

The data from the SH3BP2 knockin mouse
support the concept that the molecular patho-
physiology of cherubism involves the aberrant
response of myeloid progenitors to M-CSF
and RANKL, which then induces a TNF-α-
mediated vicious circle of osteoclast stimula-
tion. There remain a number of unanswered
questions, including the explanation for the
difference in inheritance between human (auto-
somal dominant) and murine (autosomal reces-
sive) disease, the mechanism by which the posi-
tive feedback loop is short-circuited at puberty,
and the question of whether therapy with TNF
inhibitors will ameliorate disease. Nevertheless,
we regard cherubism as the prototype for a new
category of autoinflammatory disease charac-
terized by aberrant cytokine responsiveness.

MACROPHAGE ACTIVATION

Primary and Secondary
Hemophagocytic Lymphohistiocytosis

Although triggered by the adaptive immune
system, the major effector cell of both primary
and secondary HLH (hemophagocytic lympho-
histiocytosis) is the macrophage, an agent of
innate immunity. Primary (familial) HLH is a
potentially life-threatening disorder caused by
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Figure 6
Autoinflammatory disease caused by aberrant cytokine signaling. Osteoclast and macrophage differentiation
is controlled by the cytokines M-CSF and RANKL. Dominantly inherited mutations in SH3BP2 alter the
signals that normally come from these cytokines, which results in the differentiation of hyperactive
osteoclasts and macrophages that can cause the autoinflammatory disease cherubism. Excess TNF-α
produced by these hyperactive macrophages could also feed back through the stroma to increase M-CSF and
RANKL levels, although this is still hypothetical.

Scavenger
macrophage:
activated macrophage
that scavenges
haptoglobin-
hemoglobin complexes
via the CD163
receptor, phagocytoses
erythrocytes, and
secretes
proinflammatory
cytokines and ferritin

mutations in several genes important to cyto-
toxic T cell and natural killer (NK) cell func-
tion (36, 37). Clinical manifestations include
prolonged fever, splenomegaly, and cytopenias
involving multiple lineages in the peripheral
blood (erythrocytes, platelets, leukocytes). Al-
though not required for the diagnosis, some
patients have evidence of hemophagocytosis
(macrophage-mediated phagocytosis of ery-
throcytes) in the bone marrow, spleen, lymph
nodes, or cerebrospinal fluid (226). Other lab-
oratory findings include hypofibrinogenemia
(due to coagulopathy), hypertriglyceridemia,
elevated serum ferritin, low or absent NK cell
function, and elevated levels of soluble IL-2Rα.
Because of the hypofibrinogenemia, the ery-
throcyte sedimentation rate is usually unexpect-

edly low relative to other inflammatory mea-
sures, such as the C-reactive protein.

Exacerbations of primary HLH are some-
times associated with viral infection, and cur-
rent concepts on pathophysiology revolve
around (a) the inability of cytotoxic cells to
clear virally infected cells, leading to persistent
antigen-driven activation of macrophages, and
(b) cytokine-mediated differentiation and am-
plification of activated macrophages for which
there are insufficient apoptotic signals to re-
move (226, 227). The resultant hypercytokine-
mia leads to the expansion and activation of
a subset of scavenger macrophages express-
ing high levels of CD163, a scavenger recep-
tor that binds hemoglobin-haptoglobin com-
plexes (228) and that attaches hematopoietic

650 Masters et al.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:6
21

-6
68

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
of

 H
ea

lth
 L

ib
ra

ry
 o

n 
06

/1
0/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-22 ARI 18 February 2009 17:12

Virus

CD8

NK

CD8

Defective cytotoxic T and  NK cells Scavenger macrophage

UNC13D*

CD8

STX11*

LYST*

NK

PRF1*

SH2D1A*

RAB27A*

Alternative
 pathway

Ferritin

IFN-γ

MIF**

HbHp
IL–18

IL–6**

IL–1

TNF-α

HbHp

C
D
1

6
3

RBC

AP3B1*

Inhibition

Activation

Translocation

Production

Differentiation

Figure 7
Molecular lesions that affect cytotoxic adaptive immune system cells lead to unregulated macrophage activation. Familial
hemophagocytic lymphohistiocytosis (HLH) is caused by mutations in genes encoding proteins associated with vesicular transport and
granule shedding, such as Munc13-4 (UNC13D), Perforin 1 (PERF1), and Syntaxin11 (STX11). The functions of NK and cytotoxic T
cells are also controlled by several other genes that cause individual monogenic diseases when mutated (LYST, RAB27A, SH2D1A,
AP3B1). Impairment of the normal efficacy of cytotoxic T cells for virally infected targets and upregulation of IFN-γ production leads
to the compensatory development of a subset of scavenger macrophages that mediate the macrophage activation syndrome (MAS).
They secrete proinflammatory cytokines, phagocytose erythrocytes, express the CD163 receptor for haptoglobin-hemoglobin
complexes, and produce ferritin. Their production of IL-18 in particular could amplify the production of IFN-γ in a positive feedback
loop. Secondary HLH is most commonly observed as a sequella of systemic-onset juvenile arthritis, for which variants of IL-6 and MIF
are risk factors (double asterisks). A clinical hallmark of MAS is profound hyperferritinemia.

cells to macrophages, facilitating hemophago-
cytosis (226). These cells, in turn, secrete fer-
ritin, an acute-phase protein that binds free iron
to prevent oxidative damage (229), and a num-
ber of proinflammatory cytokines (Figure 7).

Several genes encoding proteins important
in cytotoxic cell function have been implicated
in recessively inherited familial HLH. These
include PRF1, which encodes perforin, a solu-
ble pore-forming protein that permeabilizes the
target cell membrane (230); UNC13D, which
encodes Munc13-4, a protein essential for cy-
tolytic granule fusion with the cell membrane
during degranulation (231); and STX11, encod-
ing syntaxin 11, a member of the SNARE pro-
tein family that facilitates fusion in intracellular
membrane trafficking (232).

HLH may also be seen sporadically in a
number of immunodeficiency syndromes, usu-
ally caused by genes that impact the innate
immune system through their roles in vesicu-
lar transport and granule shedding in cytotoxic

T cells and NK cells (Figure 7). In Chediak-
Higashi syndrome, mutations in LYST (CHS1)
appear to have an effect on membrane fission
or fusion events (233), while in Griscelli syn-
drome, RAB27A mutations lead to impaired
function of a small Rab GTPase involved in ex-
ocytosis of cytotoxic vesicles (36). Hermansky-
Pudlak syndrome type II, caused by mutations
in AP3B1 (encoding a component of the AP-
3 complex, involved in vesicle formation), may
also manifest defects in cytotoxic T cell and
NK activity leading to HLH (234), while in
X-linked lymphoproliferative syndrome there
are hemizygous mutations in SH2D1A that
cause abnormal NK responses and NKT cell
deficiency (226).

Secondary HLH is seen in childhood
rheumatic diseases, most commonly SoJIA
(227), and is often termed macrophage acti-
vation syndrome (MAS) under these circum-
stances. Clinical features of MAS are similar
to those seen in primary HLH, including low
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MAS: macrophage
activation syndrome

foam cell: lipid-laden
macrophage
characteristically
found in
atherosclerotic plaques

NK cell function and reduced perforin expres-
sion in cytotoxic cells (235). Gene expression
profiling in peripheral blood leukocytes sug-
gests that a subset of untreated SoJIA patients
may have some of the early features of MAS
(228). Although gene variants associated with
risk of primary HLH appear not to be suscep-
tibility loci for SoJIA (236), in a panel of 18
patients with SoJIA/MAS, a genetic association
with UNC13D was observed, first for biallelic
mutations that have been observed in familial
HLH, and also for a series of 12 SNPs that are
likely to be inherited as an extended haplotype
(237). Cytokine profiling consistently shows
that IFN-γ is elevated in HLH, and for primary
HLH it is predominantly made by malfunction-
ing CD8 and NK cells. In secondary HLH, the
effect of IFN-γ could also be amplified by in-
creased levels of IL-18 that have been observed
(Figure 7). This scenario does reveal two con-
tradictions: One is that there is no IFN-γ gene
expression signature despite these differences
in cytokine levels, and the other is that in vitro,
IFN-γ skews toward inflammatory macrophage
differentiation rather than the scavenger
macrophage typically observed in MAS.

Taken together, these data suggest a fun-
damental relationship between primary HLH
and MAS. In both, compensatory mechanisms
elicited because of impaired cytolytic T cell
and NK activity lead to runaway activation of
macrophages, truly leading to a horror autoin-
flammaticus that, if not treated quickly and ag-
gressively, can even lead to death.

Atherosclerosis

Cardiovascular disease has become the lead-
ing cause of death in the Western world, and
is predominantly caused by atherosclerosis (lo-
calized arterial inflammation). Preceding an
atherosclerotic lesion, lipid-laden macrophages
and some T cells accumulate beneath the en-
dothelium, and this nidus can go on to form
the core of the plaque where characteristic foam
cells (activated, lipid-laden macrophages) are
found (238). The top of the plaque is a mix of
smooth muscle cells and collagen-rich matrix.

Between and around this, T cells, macrophages,
dendritic cells, and mast cells infiltrate and can
destabilize the lesion, leading to rupture, which
accounts for 60%–70% of coronary throm-
boses (38). The contribution of inflammatory
cytokines and chemokines to these processes
(for example, TNF-α, MCP-1, IL-1, IL-6) can-
not be understated, both in the generation and
effect after rupture. Aside from innate immune
cells, genes of the innate immune system are
also implicated in atherosclerosis. This has been
shown using an ApoE-deficient mouse that
spontaneously develops atherosclerotic disease,
which can be partially rescued by deletion of
TLR2, TLR4, and MyD88 (239). In the same
mouse model, overexpression or administration
of LOX-1 or IL-18, respectively, dramatically
worsens disease progression. These findings
implicate TLR/C-type lectin activation and IL-
1/IL-18 signaling pathways in atherosclerosis.

As a clear-cut inflammatory disease, further
refinement of atherosclerosis as an autoinflam-
matory or autoimmune disease is not straight-
forward. Findings that argue the autoimmune
point of view include a report that adop-
tively transferred CD4-positive T cells pro-
mote atherosclerotic disease in ApoE-deficient
mice (240), and another report demonstrat-
ing that polymorphisms in the T cell cos-
timulator TNFSF4 are associated with coro-
nary atherosclerosis in man, and that mice
with targeted mutations in the Tnfsf4 homolog
had smaller atherosclerotic lesions than con-
trol mice when fed a high-fat diet (241). Also,
although foam cells are characteristic of dis-
ease, it is unclear if they represent an in-
nate immune response gone awry, or if they
could actually be beneficial in disease. Mouse
studies of macrophages lacking the scaveng-
ing receptors that mediate uptake of oxidized
low-density lipoprotein (LDL) have conflicting
results, some progressing, others ameliorating
ApoE mediated disease (242, 243). Some of this
difference might be accounted for by the ob-
servation that foam cells are still generated in
the scavenger receptor–deficient mice, indicat-
ing that alternate mechanisms of LDL uptake
may exist.

652 Masters et al.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:6
21

-6
68

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
of

 H
ea

lth
 L

ib
ra

ry
 o

n 
06

/1
0/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-22 ARI 18 February 2009 17:12

Given the numerous factors that may con-
tribute to the formation of atheromatous le-
sions, it is unlikely that any one cytokine or
pathway will predominate, and hence the judg-
ment to group atherosclerosis among the syn-
dromes of macrophage activation. Neverthe-
less, it is intriguing to consider whether at least
some component of susceptibility would be me-
diated through the inflammasome and IL-1β.
By this line of reasoning, the uncontrolled accu-
mulation of cholesterol could potentially act as a
danger signal to an innate immune cell. Several
years ago, studies of IL-1 receptor antagonist-
deficient mice demonstrated increased foam
cell lesion area relative to controls when fed a
high-cholesterol/cholate diet. Conversely, mice
transgenic for the IL-1 receptor antagonist on
an LDL receptor–deficient background were
moderately protected from cholesterol/cholate
lesions (244). A clinical trial is currently un-
der way to assess the efficacy of anakinra, the
recombinant IL-1 receptor antagonist, in con-
trolling inflammatory markers in patients with
coronary artery disease (245).

THE NEXT FRONTIER:
AUTOINFLAMMATORY DISEASES
OF UNKNOWN ETIOLOGY

As noted in the introduction, there remain a
number of disorders that appear clearly to be
autoinflammatory, but for which there are in-
sufficient data to place them into one of the
six categories described in this review. In this
final section, we briefly discuss three of these
illnesses, SoJIA, Behçet’s disease, and PFAPA.
With the current burgeoning interest in autoin-
flammatory diseases, each of these illnesses is
coming under considerable scrutiny.

SoJIA is a systemic disease of children that
may present with a daily fever, a characteris-
tic salmon-colored skin rash, anemia, and hep-
atosplenomegaly; eventually arthritis develops,
but systemic symptoms may precede the on-
set of arthritis by weeks or months. Autoanti-
bodies are generally not observed in SoJIA pa-
tients. Pioneering studies by Virginia Pascual
and colleagues have demonstrated an important

role for IL-1β in the pathogenesis of SoJIA (9).
This group found that serum from SoJIA pa-
tients induces the transcription of innate im-
munity genes, including IL-1, in PBMCs from
healthy donors, and that SoJIA PBMCs release
large amounts of IL-1β when stimulated. They
went on to show that nine patients refractory to
other therapies responded to anakinra, and they
have subsequently identified a gene expression
profile characteristic of SoJIA (246). Neverthe-
less, a substantial number of SoJIA patients do
not respond to anakinra treatment (247), and
there are also data implicating other cytokines
in the pathogenesis of SoJIA. For example, a
SNP in the promoter region of the IL-6 gene
has been associated with SoJIA (248), as well
as a promoter haplotype in the gene encoding
macrophage migration inhibitory factor (249).
For these reasons we have resisted the temp-
tation to group SoJIA with the inflammaso-
mopathies for the time being, though the data
on IL-1β are clearly encouraging.

Behçet’s disease (BD) is a genetically com-
plex disorder that usually presents in adults
rather than children, and is characterized by
oral and genital ulcerations, uveitis, acneiform
and papulopustular skin lesions, arthritis, and
vasculitis involving both the arteries and veins
(250). Some patients with BD also exhibit the
phenomenon of pathergy, in which a pustule
forms following a needle prick. Autoantibod-
ies are generally not seen in patients with BD.
BD is most common among populations spread
along the historical Silk Road, which extended
from the Mediterranean basin, through Turkey
and central Asia, to Japan and Korea. Although
BD is clearly not inherited as a mendelian trait,
there is a strong familial tendency, and suscep-
tibility has also been associated with the HLA-
BW51 allele. The BD phenotype likely repre-
sents a complex interaction of multiple genes
and the environment. Just as has been the case
for AS and IBD, genome-wide association stud-
ies may yield important new insights into the
important host factors and pathways that un-
derlie this fascinating disorder.

PFAPA, the syndrome of periodic fever,
aphthous stomatitis, pharyngitis, and cervical
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adenopathy, is the most common periodic
fever syndrome seen in childhood (10). Im-
portant additional features include the remark-
able clockwork periodicity of the attacks, the
responsiveness of attacks to abortive doses of
corticosteroids (although in some patients the
episodes then recur more frequently), and the
almost predictable remission that occurs in ado-
lescence. Like BD, PFAPA is not inherited as a
mendelian trait, but does exhibit some familial
tendency.

At the molecular level, current data high-
light a role for proinflammatory cytokines IL-
1β, IL-6, and TNF, which were elevated in
PFAPA patients even between attacks (251). In
addition, the antiinflammatory cytokine IL-4
was decreased compared to controls at all the
time-points measured, with a strong increase of
IFN-γ during fever episodes. One unresolved
question is whether PFAPA is triggered by a vi-
ral or other infectious agent; certainly children
of this age are regularly encountering many
foreign antigens, some of them for the first
time (252). While the exact cellular determi-
nants and pathogenic molecular mediators re-
main elusive, the clinical picture and cytokine
profile of PFAPA outline a very complex, per-
haps heterogeneous, but nevertheless autoin-
flammatory, disease.

CONCLUDING REMARKS

The autoinflammatory diseases are the conse-
quence of natural variation in the innate im-
mune system that is severe enough to cause ill-
ness, but not so severe as to be embryonic lethal.
These disorders represent a selective sampling
from the universe of what can go wrong, a re-
minder of the precarious equilibrium that de-
fines human health, and a vindication of the
nonredundant role of specific genes in human
biology. Monogenic illnesses such as the cryo-
pyrinopathies, caused by rare mutations con-
ferring no apparent selective advantage, have
profoundly informed our understanding of each
of the six categories of autoinflammatory dis-
ease discussed in this review. Diseases such
as FMF, in which disease-associated recessive

variants appear to have been selected in cer-
tain geographic regions perhaps by endemic
pathogens, promise a more nuanced under-
standing of gene-environment and gene-gene
interactions. Genetically complex illnesses such
as CD and the spondyloarthropathies have been
associated with multiple common variants of in-
nate immune genes and extend the reach of au-
toinflammation squarely into the realm of ev-
eryday experience.

Regrettably, chance and the inherent fal-
libility of DNA replication provide an inex-
haustible font of new subjects for this science.
During the course of the preparation of the
present manuscript, we have found evidence
for a new autoinflammatory disorder with se-
vere skin and bone manifestations, caused by
recessive loss-of-function mutations in the IL-
1 receptor antagonist. This illness promises yet
deeper insights into the role of IL-1 in human
and the importance of its soluble inhibitor, the
absence of which can be fatal. In other cases,
rare recessive mutations and incompletely pen-
etrant dominant mutations may underlie disor-
ders that initially appear not to be genetic at
all. In the era of genome-wide association stud-
ies and targeted biologics, it is now also possi-
ble not only to discover new etiologic pathways
in the genetically complex diseases in a com-
pletely hypothesis-neutral fashion, but also to
interrogate the role of one’s favorite mediator
with exquisite specificity.

Table 1 also underscores the prominence
of the inflammasome and its regulation in a
large number of autoinflammatory diseases. It
remains to be seen whether IL-1β occupies
some special place in the firmament of cy-
tokines, unique in an apparent ability to trig-
ger innate immunity without major provoca-
tion of the adaptive immune system, or whether
the prominence of IL-1β among the autoin-
flammatory diseases merely reflects the bias
of increased vigilance. The latter possibil-
ity notwithstanding, the number of molecu-
lar stimuli for the NLRP3 inflammasome has
become quite large, raising questions as to
whether the LRR of NLRP3 could actually
bind such a disparate group of partners. This
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has given rise to a formulation termed the guard
hypothesis, whereby NLR proteins monitor
homeostatic pathways that can be perturbed
by individual PAMPs or DAMPs to trigger ac-
tivity of the inflammasome. If true, the pro-
teins comprising these homeostatic pathways
would become prime suspects in the search
for new autoinflammatory disease loci. The re-
cently recognized molecular consequences of
protein misfolding in innate immune cells may
represent yet another opportunity for gene dis-
covery in unexplained syndromes.

Another theme that emerges from our anal-
ysis of autoinflammatory disease is the op-
portunity for the innate immune system to
make mischief in sites of immunologic privi-
lege. The central nervous system, eye, and preg-
nant uterus are three such anatomic sites, yet
each is a major site of involvement for NOMID
(central nervous system, eye), age-related mac-
ular degeneration (eye), and recurrent hyda-

tidiform mole (pregnant uterus). Possibly, the
restraints that place these anatomic compart-
ments off limits for the adaptive immune system
do not similarly confine the cells or molecules
of innate immunity.

Guard hypothesis:
mechanism of innate
immune protection
based on the detection
of alterations in
homeostatic
parameters as a proxy
for pathogenic insults

As diseases of human beings, the autoinflam-
matory disorders are not merely guideposts to
the innate immunome, but also opportunities
to better the human condition. The use of IL-
1 inhibitors in NOMID and DIRA (deficiency
of the interleukin-1 receptor antagonist) repre-
sent triumphs of molecular medicine, but the
application of similar therapies to conditions
like T2DM and atherosclerosis may represent
the next breakthrough, and the development of
small molecule inhibitors, if effective, would be
revolutionary. It is our hope that as the study
of autoinflammatory disease moves into its sec-
ond decade, we stand on the threshold of un-
derstanding and treating a broad spectrum of
human afflictions, both rare and common.

SUMMARY POINTS

1. Intrinsic inflammasomopathies: NLRP3 nucleates a complex including ASC and caspase-
1 called the inflammasome that processes pro-IL-1β into a mature, active form. To
date, mutations in only one component, NLRP3, have been identified, and they cause a
spectrum of diseases known as the cryopyrinopathies (CAPS).

2. Extrinsic inflammasomopathies: These diseases are caused by mutations in proteins that
regulate the production of IL-1β, or can gain the function to do so, but are not con-
stituents of the inflammasome complex.

3. Complex/acquired inflammasomopathies: Multigenic or environmentally predisposed
diseases result in increased secretion of IL-1β by the inflammasome.

4. NF-κB activation disorders: These diseases are mediated predominantly by improper
regulation of NF-κB within the innate immune system.

5. Protein folding disorders of the innate immune system: Multiple mechanisms can lead
from the buildup of misfolded proteins to the production of proinflammatory cytokines
by innate immune cells.

6. Complement disorders: Complement was the first described arm of the innate immune
system, and it is tightly regulated to prevent autoinflammatory diseases.

7. Cytokine signaling disorders: Cytokines control the differentiation and activation of
innate immune cells, so perturbations at the cytokine receptor or of downstream signaling
pathways can cause autoinflammatory disease.

www.annualreviews.org • Horror Autoinflammaticus 655

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:6
21

-6
68

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
of

 H
ea

lth
 L

ib
ra

ry
 o

n 
06

/1
0/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-22 ARI 18 February 2009 17:12

8. Macrophage activation: Diseases have been identified in which the activation of
macrophages occurs indirectly, perhaps as a result of defective adaptive immune cells
or environmental and inflammatory pathways.

FUTURE ISSUES

1. How exactly do mutations all clustered in the NACHT domain of NLRP3 activate
the inflammasome and lead to a wide spectrum of inflammation as observed in CAPS
patients?

2. What are the intermediate(s) and direct upstream activator(s) of NLRP3, given that
NLRP3 is probably incapable of directly detecting all the known agents that stimulate
its activity?

3. What is the role of pyrin in humans, pro- or antiinflammatory, and what is the effect of
mutations that cause FMF?

4. What are other genes mutated in patients with monogenic autoinflammatory diseases,
and what susceptibility alleles are yet to be found in patients with complex autoinflam-
matory diseases?

5. What are the DAMPs or PAMPs that activate the inflammasome in IPF, T2DM,
atherosclerosis, and other complex inflammasomopathies?

6. Are IL-1 and IL-23, which participate in the differentiation of naive T cells into Th17
cells, present and perhaps pathogenic in autoinflammatory diseases that are caused by
increased production of IL-1β or associated with polymorphisms in IL-23?

7. Does the NOD2 molecule normally tolerize or sensitize the host to bacteria and what is
the effect of NOD2 mutations on this function?

8. Why does the activation of IL-1 in autoinflammatory disease not predispose patients to
autoimmune disease, given that this pathway is thought to prime an adaptive immune
response and account for the adjuvant effect of alum?

9. Is there cross talk between the different mechanisms causing autoinflammatory disease?
We know that IL-1 plays a role beyond the bounds of the inflammasomopathies. Might
ER stress likewise play a role in the other categories of disease such as T2DM and
UC/IBD?
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